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ABSTRACT 
Developing Visuospatial Thinking Skills 
Sorachai Kornkasem  
 
Visuospatial thinking skills are essential for many professional and educational fields, 
including science, technology, engineering, art, and mathematics (S.T.E.A.M.). The ability to 
rotate objects mentally is foundational to various types of spatial abilities, e.g. spatial 
visualization, perspective taking, spatial relations, etc. (Caroll, 1993). In order to attain and 
maintain mental rotation skills, the process of explicit decomposing the movements involved 
during the rotational process is required to embolden learning and conceptualization. In pilot 
studies, I found when learners verbally confirm the thinking and planning methods before 
performing rotation tasks, it helps learners formulate a complete mental rotation 
understanding. Moreover, this augments learners’ abilities to transfer the skill to other types of 
spatial oriented tasks. 
The dissertation study further investigated how explicitly planning as a type of training 
during 3D manipulations helps learners improve their abilities at mental rotation and other 
spatial thinking skills. Students from New York City metropolitan area (n=127) were recruited 
and consented to participate in the study. Using a 2x2 factorial between-subjects design plus a 
control, students were randomly assigned to one level of propositional explanation (explicit 
propositional integration vs. without) and one of training environment or rotational method 
(computer-assisted vs. physical-manipulation), or to a control group (no rotation). In the 
manipulation, learners operated the rotation of seven distinct stimuli in either single or multiple 
rotations for a total of 42 training trials over two 50-minute sessions on two separate days. I 
assessed mental rotation abilities using a pre and post repeated measures of the Vandenberg 
and Kuse Mental Rotation Task and two standardized post-assessments, the Surface 
Development Task for near transfer of rotational skills and the far transfer of the Topographical 
Map Assessment.  
Overall, this dissertation confirmed that learners who engaged in explicitly integrating 
propositional in explaining their planning process improved in their 3D Spatial thinking skills 
and outperformed students who did not explicitly integrate their plans to complete the same 
spatial tasks on both the direct and near transfer tasks. There were no differences on the 
measures of far transfer. Results from this study can inform professionals ranging from 
educators to instructional designers as well as child developmentalists and caretakers. By 
coupling explicit explanations with internal spatial thinking, individuals can improve their 3D 
spatial thinking skills with prospects for benefits that extend not only into everyday activities 
but additional activities in S.T.E.A.M. related endeavors.    
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CHAPTER I:  INTRODUCTION 
 
When I am working on a problem I never think about beauty. 
I only think about how to solve the problem. 
But when I have finished,  
If the solution is not beautiful, I know it is wrong. 
 
- Buckminster Fuller 
 
Visuospatial Thinking Skills 
Daily human activities involve exercising physical, visual, spatial, and mental capacities: 
such as traversing across town to get to work, sense-making a diagrammatic representation on 
the computer screen, day-dreaming about a vacation during lunch, and catching a coming ball 
on the field in our leisure time. These activities involve the visuospatial thinking skills used not 
only for everyday routines, but also for rich mental representations. These tasks and skills are 
situated and grounded in our human perceptual experiences (Barsalou, 2008; Wilson, 2002). 
Spatial thinking skills are an automatic part of our living: we live with and feel them, 
physically, mentally, and virtually. 
In addition to being part of our everyday activities, visuospatial thinking skills are 
essential for many professional and educational fields, including science, technology, 
engineering, art, and mathematics (S.T.E.A.M.). Spatial thinking skills are relevant to and 
strongly predict achievement and attainment in S.T.E.M. (Shea, Lubinski, & Benbow, 2001; Wai, 
Lubinski, & Benbow, 2009). Shea et al. (2001) and Wai et al. (2009) show analyses that indicate 
children and adolescents with higher spatial skills during their middle and high school years 
are more likely to select and pursue careers in the S.T.E.M. disciplines (Shea et al., 2001; Wai et 
al., 2009). 
Previous studies indicate that spatial abilities are related and can be transferred to 
S.T.E.A.M. skills. For instance, understanding mathematical problems, solving scientific 
inquiries, reading engineering plans, mapping the DNA three-dimension (3D), or building 
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sculptures are skills that benefit from having spatial thinking. These skills are found in physics 
(Kozhevnikov, Motes and Hegarty, 2007), chemistry (Wu and Shah, 2004), biology (Russell-
Gebbett, 1985), engineering (Sorby, et al., 2013), medicine (Jang, Jyung, & Black, 2007; Hegarty 
et al., 2007), and geoscience (Jee, Uttal, Genter, Manduca, Shipley, & Sageman, 2013; Kali and 
Orien, 1996). 
Besides its relationship with S.T.E.A.M., there has been an increase in spatial cognition 
literature showing that spatial skills are malleable and acquirable (Baenninger & Newcombe, 
1989; Uttal et al., 2013). People benefit from and improve in spatial skills by experiencing spatial 
training, such as playing a video game, practicing a specific spatial training task, or taking a 
drawing class (ibid). In addition, the effects of spatial training are found to be durable, and for 
some training tasks, transferable and generalizable to other types of spatial skills (Wright, 
Thompson, Ganis, Newcombe, & Kosslyn, 2008). Particularly, if the training and instruction 
involve cognitively process-based tasks, the acquisition of spatial skills can be sustained 
(Wright et al., 2008). However, some studies on improving spatial skills using physically-based 
and computer-assisted activities were mixed. While some studies have shown that physical 
training activities worked better in enhancing spatial skills than computer-assisted activities, 
others have shown the exact opposite. This could be due to a specific cognitive mechanism 
driving the differences in achievement (Kornkasem & Black, 2015b).  
 
Figure 1. Acquirable Spatial Skills (Images Drawn by Prowpannarai Mallikamarl) 
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Additionally, visuospatial skills are diverse in their functions and definitions. 
Individuals possess different spatial skill types and levels. Spatial skills have been categorized 
with different sub-factors and processes depending on the line of research, such as mental 
rotation, perspective taking, or navigation. This is because spatial cognition has not been rooted 
out of any specific theoretical basis (Hegarty & Waller, 2004, 2005). In fact, spatial thinking skills 
were historically used and originated from psychometric measurement, largely based on the 
battery of speed tests used for occupational screening (Hegarty & Waller, 2004, 2005). Later, 
spatial skills were specified from factorial analysis studies. For example, researchers identify 
spatial skills in terms of spatial perception, spatial visualization, mental rotation, and visual 
attention speed (Linn & Peterson, 1985; National Research Council, 2006; Chatterjee, 2008). 
Visuospatial thinking skills commonly refer to spatial visualization, including mental 
rotation and perspective taking, from the view of cognitive processes identified by several 
researchers (e.g. Carroll, 1993; Lohman, 1988; also see Hegarty & Waller, 2005 for a summary of 
spatial factors from different researchers). Carroll (1993) defined spatial skills (such as spatial 
visualization) as the ability to understand, mentally encode, and then manipulate 3D spatial 
forms and objects. Spatial visualization skills capture the essence of mental rotation (Hegarty & 
Waller, 2005), as well as perspective taking (Piaget and Inhelder, 1945, 1967; Shelton & 
McNamara, 2004). In this dissertation study, I focus on how various training tools that represent 
objects and spaces can facilitate the development and use of a specific spatial visualization skill, 
mental rotation. This concept is well aligned with human’s evolution adaptation in using tools 
to navigate, and may be related to increases in skills required in many S.T.E.A.M. disciplines. 
The spatial training methods will be compared to differentiate process-based mental 
simulations that are facilitated by different external spatial representations (i.e., physical direct-
manipulation and computer-assisted forms). The goal is to better understand how these 
components help individuals develop mental rotation skills, and affect individuals’ spatial 
ability acquisition. 
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Purpose of the Study & Problem Statement 
All human beings possess some spatial ability but not everyone possesses the same level 
or type. Some people may be able to command spatial thinking skills better than others and 
may advance in S.T.E.A.M. education and careers. This could be seen an inequality concern 
involving spatial ability performance (National Research Council, 2006). Therefore, one way to 
reduce this inequality gap will require the continuation of spatial skills training research. Many 
research studies show that spatial training helps people improve spatial abilities: everyone can 
be trained and gain durable and effective spatial skills (Uttal, Miller, & Newcombe, 2013).  
Uttal and his colleagues (2013) found in their meta-studies of 217 spatial training based 
research programs that an average effect size of the spatial training was up to 0.47 standard 
deviations or approximately +7 Intelligent Quotient. The researchers interpret these findings as 
doubling the potential number of candidates for engineering education (Uttal et al., 2013). Then 
two important questions arise: 1) Can we create spatial thinking training by incorporating 
different perceptual channels, such found in simple verbal representations of spatial cues and 
languages (i.e. left, right, north, south, 90º, 180º, etc.) in S.T.E.A.M.? and 2) What  specific 
cognitive processes can reinforce this mechanism? 
Research Questions 
The primary goal of the dissertation study is to analyze and discuss the cognitive 
processes in developing visuospatial thinking skills, including a proposed cognitive processing 
model for spatial thinking learning. To determine the overall effectiveness of the proposed 
model of cognitive processing in spatial learning, the relevant questions guiding the research 
are as follows: 
1)  What are the effects of combining perceptual systems of haptic and visual, particularly 
when integrating a verbal system such as propositional versus no propositional in a 
training environment? Are those effects dependent upon whether they are used in 
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computer-assisted or physical manipulative environment for developing individuals’ 
spatial ability skills? 
2)  To what extent will the spatial training skills in this cognitively process-based and 
specific decomposing method of a mental rotation task be transferred to other rotation 
related spatial skill types (such as a surface development task used in engineering and 
architectural disciplines) or to other S.T.E.A.M. related mechanisms (such as perspective 
taking and spatial relation in topographical map)? 
In addition to the cognitively process-based goal above, the secondary goal of this 
dissertation will analyze and discuss the influences of individual differences in developing 
spatial thinking skills. The questions guiding the research interests are: 
3)  Do different genders exhibit different degrees of improvement in spatial skills?  
4)  Do participants with more experience in S.T.E.A.M. (numbers of math and science 
courses recently taken, specifically in the past five years) exhibit greater improvement in 
spatial skills than those who lack experience in the S.T.E.A.M. fields?  
5) Do participants with more exposure to video games exhibit greater improvement in 
spatial skills than those with less exposure? 
Significance of the Study 
In recognition of the need of spatial skills and the discovery of their attainability, the 
National Research Council (2006) called for research and intervention to incorporate spatial 
thinking skill-based activities and curriculum into public education. First, this dissertation 
investigates the potential cognitive components and processes of the spatial training 
environments that provide learners with better spatial mental simulations to improve their 
spatial abilities. Specifically, this research explores the effects of training instruction that 
integrates more perceptual channels, such as verbal representations to facilitate spatial cue 
noticing and integrating into mental representations. This research provides insight as to 
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whether learners exposed to the integration of verbal representations in the training 
environments benefit more than learners without training integration.  
Secondly, this study builds upon work in the field of visuospatial thinking. By 
incorporating explicit instruction of spatial explanations into cognitive processes, it will allow 
individuals to engage in activities that increase their visuospatial skills. The goal is to examine 
the efficacy of these cognitive processes in spatial learning and subsequent influence toward 
S.T.E.A.M. disciplines. Results from this study can inform professionals ranging from educators 
to instructional designers, as well as child developmentalists and caretakers. By coupling 
explicit explanations with internal spatial thinking, individual’s can improve their 3D spatial 
thinking skills with prospects for benefits that extend not only into everyday activities but 
additional activities in S.T.E.A.M. related endeavors.    
Overview of the Dissertation 
 This dissertation is organized into six chapters. Chapter II provides a review of the 
literature review relevant to this study. The literature on the research in visuospatial thinking 
skills focusing on individual differences, followed by research in the area of spatial abilities, and 
ending with the theoretical framework for this dissertation. Chapter III describes the research 
instrument, Object Rotation, which was designed, preprogramed, and built for this research 
through three prior pilot studies. Chapter III outlines the details of the training environment of 
Object Rotation for all trials. Chapter IV describes the research methodology, details of the 
participants, research design, apparatus, procedures, and a brief over view of the data analysis. 
Chapter V reports the study’s results, including hypotheses confirmation. Chapter VI discusses 
and interprets the results and the empirical findings to the premise framework. The outlines for 
both theoretical and the practical implication are presented. Chapter VI concludes with 
discussion, including limitations, implications, and the directions for future research. 
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CHAPTER II: LITERATURE REVIEW 
 
In this literature review chapter, I provide a selective overview of the literature on 
visuospatial thinking, spatial ability training, and individual differences in terms of experiences 
perspective and external representations. Specifically, the review examines through the lens of 
individual differences and cognitive factors associated with external spatial representations. 
The primary goal of the review is to understand how individuals develop mental simulations as 
a result of spatial ability attainment. The secondary goal is to propose the conceptual 
framework for the dissertation study. Together, the review delineates a conceptual framework, 
a model of cognitive processing in spatial learning. In particular, this survey literature sets out 
the ground to investigate the specific components needed in developing spatial skills training 
interventions.  
As previously stated, spatial ability is not a unitary construct and its origin is derived 
from a specific theoretical basis. Spatial abilities include spatial visualization, mental rotation 
and perspective taking (Lohman, 1988; Carroll, 1993; Hegarty & Waller, 2005). Lohman (1988) 
defined spatial ability as the ability to generate, retain, retrieve, and transform well-structured 
visual images. Similarly, Carroll defined it as the ability to understand, mentally encode, and 
then manipulate three-dimensional (3D) spatial forms and objects (1993). In this dissertation, I 
focus specifically on the use of spatial skills from the cognitive processes in the operation of 
mental rotation of the 3D objects. 
Theoretical Grounds in Developing Spatial Thinking Skills 
With the importance of spatial skills taken into account, and to develop a spatial 
thinking skill framework, I first review theoretical perspectives in visuospatial cognition 
literature of spatial thinking skills, spatial ability trainings, and spatial intelligence in individual 
differences in strategy used (Hegarty, 2010). It is important to recognize the spatial intelligence 
in individual differences in the context that everyone posses these differences in terms of 
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experiences, strategies in one’s imagination and utilization of external representations, and the 
capacity in working memory and visual attention. These different attributes, however, can be 
improved and guided through the trainings. 
Spatial Intelligence  
Individual differences in spatial intelligence play a crucial role in developing spatial 
abilities (Uttal, Miller, & Newcombe, 2013; Hegarty, 2010; Newcombe & Huttenlocher, 2006; 
Hegarty & Waller, 2005). Spatial intelligence is associated with mental processing of tools, 
objects, dynamic spatial displays, and large-scale navigation. Although researchers in cognitive 
psychology and artificial intelligence identify spatial knowledge and its processes, they do not 
address clearly the cause of spatial processing in individual differences in spatial 
transformation (Lohman, 1993). Consistence with Hegarty’s, Lohman outlined four possible 
paradigms relating to the source of individual differences: 1) speed of performing analog 
transformation, 2) skill in generating and retaining mental representations, 3) the amount of 
visual-spatial information ones can maintain, or 4) the strategies used in solving the spatial 
(1993).  
Lohman’s transformation paradigm in spatial abilities describes how well in speed 
individuals can perform mental transformation and mental rotation (see review in Lohman, 
1993). The amount of information that individuals can maintain is distinctly related to the 
processes in working memory. Therefore, strategies in solving spatial tasks are important 
differentiators from one individual to another. Some spatial tasks can be reviewed differently 
while strategies used may demand on analog processing than others (Lohman, 1993; Hegarty, 
2010). For example in a rotation task, individuals solve the problems differently (Shepard & 
Metzler, 1971; Just & Carpenter, 1985): some used the entire 3D image to rotate whereas some 
used only an outlined skeleton representation of the 3D form, resulting in reduced speed and 
response time. In short, to limit individual differences, the process in spatial training might be 
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emphasized to facilitate the encoding step and expand one’ working memory capacity, and 
visual attention during the formation and manipulation of mental imagery. 
Situated Experiences 
In terms of experiences as an aspect in developing spatial ability, a perspective from 
situated and grounded cognition research could shed light to our understanding and 
interaction with spaces. Grounded cognition addresses the notion of the bodily state and its 
interactions with the environment that will deeply affect human cognitive processing. It is 
cognition that emphasizes both motor and sensory systems as a central essence for the complete 
interaction and experience with the world (Wilson, 2002; Barsalou, 2010; Glenberg, 1997; 
Rohrer, 2007; Lakoff & Johnson, 1987). Generally speaking, most tasks in spatial thinking skills 
are associated with tasks in grounded cognition that we experience through our body functions, 
and interaction with the environment. When an individual is asked to perform a task, his or her 
spatial learning can be informed from other people’s experience, as (dis)embodiment. The 
spatial cognition perspective seems to share some synergies with the perspective of 
perceptually grounded/embodied and situated cognition.  
Mental Models & Imagery 
The processes during mental models construction and imagery are central to spatial 
cognition and grounded in our experiences. Barsalou (2008) suggests that the simulation 
process occurs during perception in which the state of the perceptual system is being stored in 
memory through sensory mechanisms. A simple perceptual simulation can be illustrated when 
an individual reads a text comprehension that incorporates spatial language (e.g. Black, Turner, 
& Bower, 1979), and the imaginary world story (Black, 2007).  
There are two forms of mental imagery; spatial and visual imagery combined with prior 
knowledge that help formulate mental models (Kosslyn, 1994). While visual imagery is usually 
a depiction or detection of symbolic, spatial features, and visual properties (i.e. shape, color, 
distance), spatial imagery usually refers to imagining as an event with a frame of reference in 
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3D form or in space (i.e. orientation, location) (Kosslyn, 1994). Kosslyn’s theory of mental 
imagery accounts for our ability to retrieve visual images from memory and to use imagery in 
visual thinking (1994). As Tversky’s (2003, 2005) coined it, cognitive collage, a diverse but 
organized array of visual, spatial, and semantic information based on specific tasks. Supported 
by a computer simulation, Kossyln’s imagery model differentiates between media and 
representations that postulate separate thinking processing segments between short-term and 
long-term memory (Kosslyn, 1994).  
Taken together, these forms of mental imagery processing are not definite but allow 
flexibility in helping individuals form spatial mental models as a supporting strategy. 
Moreover, the use of imagery processing has practical impact, assisting learners with problem 
solving, reasoning, creativity, decision-making, and even motor rehearsal. For example, an 
athlete often imagines or visualizes rehearsing his/ her motor skills prior to a competition and 
architects and engineers visualize how materials and structure can be constructed in place. 
Visuospatial Attention & Working Memory 
Working memory and visual attention are crucial for individuals in processing spatial 
tasks. There is a limit to the capacity in working memory that one can retain during spatial 
tasks. Consistent with Kosslyn’s imagery model (1994), spatial tasks directly tax working 
memory capacity with spatial content, encoding information, and confirming transformation. 
Baddeley’s model of working memory indicates a central executive and slave system as an 
articulatory loop and visual spatial sketchpad with different perceptual channel inputs 
(Baddeley, 1986). Miyake et al.’s (2001) working memory models describe a system that 
provides executive task-related control of attentional resource while simultaneously keeping 
task-related information in an active state. Just & Carpenter (1985) indicate models of individual 
difference in visuospatial visualization as various skills being used in working memory 
resources for information storing and processing.  
 11 
In the further consideration of working memory limitation, Sweller’s perspective in 
cognitive load theory suggests individuals with limited working memory should reduce 
cognitive loads in order for processing information and complete the task (Sweller et al., 1994). 
Capacity limitation in working memory may be compensated by expanding cognitive space, 
which is supported by Paivio’s (1991) dual-coding theory and cognitive theory of multimedia 
leaning (Mayer, 2001). These theories indicate the importance of receiving information 
separately and simultaneously from both verbal and visual systems. Careful consideration of 
training methodology to elicit these systems is important to the program design and 
implementation. 
Understanding Spatial External Representations 
Aside from mechanism-driven spatial processing and training, human spatial intelligent 
is relevant to, and inseparable from understanding external representations or symbolic 
representations. Symbolic representation plays an important role in the development of spatial 
cognition. In everyday life, we use symbols, such as diagrams, maps, physical and virtual 
models, spatial language, and gestures as survival tools and communication to offload our 
online mental capacity. Hegarty (2010) and Just and Carpenter (1985) argue that individuals use 
different and flexible strategies between mental simulation and analytic form to help us think 
spatially, and we then differ in understanding these external representations. 
Three Dimensional Models, Physical Manipulation & Computer-assisted Interfaces 
3D models play a different role in spatial external representation (Newcombe & 
Huttenlocher, 2006) as they incorporate and depict metric relations more precise. Ubiquitously, 
information technology development with stimulation of spatial thinking is found in a 
computer graphics 3D focusing on human computer interaction (Card, Mackinlay, & 
Shneiderman, 1999). There are various virtual 2D and 3D dynamic applications used in 
engineering and architectural practices, such as AutoCAD, CAD, SketchUp, TinkerCAD, to name 
a few (Figure 2). Such interfaces make it simple to digest and visualize spatial information. In 
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fact, Sketchpad, built in 1963 by Ivan Sutherland at MIT, was considered to be the predecessor 
of modern digital and virtual environments that pioneered the way human interacts with the 
computer (Human-Computer Interaction, HCI), and the computer graphics (Mitchell & 
McCullough, 1995). As a tool, visual interfaces and 3D models facilitate one’s experiences and 
foster learning (Abrahamson et al., 2010). This tool enhances mental simulation and discovery 
process (Barab et al., 2005), which helps learners instantaneously see and check the results 
(Chan & Black, 2006), as well as complete spatial understanding (Kornkasem & Black, 2014). 
Additionally, the interface benefit is consistent with a computational modeling of human 
multimodal and multiple-task performance, accounting for human perception, cognitive, and 
motor activity of Kieras & Meyer’s Executive Process Interactive Control (EPIC) cognitive 
architecture (1997).  
 
Figure 2. An Example of 3D External Spatial Representation of Dynamic Display 
Spatial Cues, Technical Terms & Language 
Unlike 3D models, language is a unique characteristic and frequently used symbol 
system. However, language is not inherently linked to spatial cognition, but it is used to 
describe spatial relations (Newcombe, 2013). Talmy (1983) argues that spatial language plays a 
role in structuring our understanding of spaces (see also Tversky & Lee, 1998). In addition, 
Talmy proposed that language systematically structures, describes, and schematizes space and 
conveys information by depicting certain feature of a referent scene and disregarding the others 
that are unimportant (Talmy, 1983). Spatial cues and technical language, such as “left,” “right,” 
“top,” “bottom,” “90°,” “180°,” etc. help individuals identify our orientation and objects in 
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space. Consistence with Talmy’s spatial language, Levison (1996) suggested three frames of 
reference and coordinating systems, the Intrinsic Frame of Reference, the Relative Frame of 
Reference, and the Absolute Frame of Reference, which refers to the cardinal direction, north, 
south, east and west. These reference frames help organize thoughts of spaces from different 
viewpoints and for practical use (Levision, 1996). Therefore, using spatial terms and technical 
language as a cognitive tool for thinking about space is crucial.  
The schematization of space becomes important to how we view and understand spatial 
relations among objects in the environment as in hierarchical and non-hierarchical manners or 
egocentric and allocentric point of views (McNamara, 1986). In other words, the entities of 
spatial relations can be decomposed (Tversky, 2003) and reconstructed for our comprehension. 
As Baddeley (1986) and Johnson-Laird (1983) describe that many cognitive tasks benefit from 
the ability to construct a mental image, which requires coordination with linguistic input. 
Spatial Abilities Training 
Shepard and Metzler’s (1971) classic seminal mental rotation paradigm established 
important questions in developing spatial ability training. In their series of experiments, 
Shepard and Metzler found that the time individuals use to recognize whether two 3D figures 
are identical is a linear association of the angular disparity (1971). Individual performance gain 
during the experiment is based on the assumption of faster judgement speed about the 
similarity of the two figures (ibid.). Their studies inspired a number of other mental rotation 
studies that further investigated the nature of cognitive processes affecting performance gains, 
skill transferability as Logan’s (2002) instance theory, Pani et al’s (2005) intuition-based model, 
or Wallace and Hofelich’s (1992) process-based account. 
Additionally, there has been an increase in spatial ability literature showing that skills 
are malleable and acquirable (Baenninger & Newcombe, 1989; Uttal et al., 2013). People 
improve their performance in spatial skills by experiencing training which ranges from 
practicing a specific spatial training task to playing a video game or taking a drawing class 
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(ibid). The effects of spatial training are importantly found to be durable, and for some training 
tasks, to be transferable, and generalizable to other types of spatial skills if the training and 
instruction involve cognitively process-based tasks (Wright et al., 2008).   
Uttal, Miller, & Newcombe (2013) found various spatial training studies that support 
spatial mechanisms facilitating success in performance improvement. The researchers referred 
to the mechanisms of a task- and process-specific training, an efficient transformational process, 
and adaptive strategies (Uttal, Miller, & Newcombe, 2013). For example, the task of a specific 
training is considered as instance-based training paradigm, which helps improve spatial 
performance only of what being trained. However, the task of a process specific training not 
only helps improve spatial performance, but also benefits in transferring to other spatial skills 
(Terlecky, Newcombe, & Little, 2008). This is particularly important if the process-based 
involves initial encoding facilitation, it will support individual spatial improvement (Wright et 
al., 2008; Kornkasem & Black, 2015a; 2015b). 
In supporting Wright and colleagues’ findings, Hegarty and Waller pointed out reasons 
that individuals benefit from mental process-based training (2005). First, cognitive processes 
utilized during the performance of spatial tasks can be due to the contribution of speed 
processing and strategic choices (Hegarty & Waller, 2005). Second, the processes in spatial tasks 
require high cognitive attention, from encoding a visual stimulus, to constructing a visual 
image, to transforming an image, and to finally matching a visual stimulus to an image in 
working memory for the confirmed outcome (ibid.). Third, certain strategic decisions from 
training help minimize this cognitive demand (ibid.). 
Empirical Evidences 
Cognitive process-based training 
In Wright, Thompson, Ganis, Newcombe, & Kosslyn’s (2008) spatial training, the 
experiment was to investigate whether intensive long-term practice leads to change that 
outperforms stimuli and task constraints. Individuals were pretested on three cognitive tasks: a 
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computerized version of the Shepard-Metzler (Shepard & Metzler, 1971) MRT, a mental paper 
folding task MPFT, and a verbal analogy task. Over 21 days, each individual practiced either the 
MRT or the MPFT spatial tasks. The results indicated gain to new stimuli for the practiced task 
and transfer to other non-practiced task. The findings concluded that practice of process-based 
training improves performance on spatial task more than simply training for similarity (Wright 
et al., 2008). 
Undertaking a series of studies, McAuliffe added spatial thinking aspect into the science 
classroom (2003). For example, in one of the studies during the trainings in a physics class, 
students were assigned to two- or three-dimensional representations when explaining the 
systems. Then the researcher compared across 2D versus 3D animation, 3D animation versus 
3D interaction, The results showed the transferability in the spatial skill to students’ 
performance of the perspective-taking task in topography dependent measures (McAuliffe, 
2003). 
Attention & Memory 
 Feng and colleagues (2007) investigated the effects of video game playing on spatial skill 
that involved transfer of mental rotation tasks. Players in a single user roleplay (Medal of Honor 
Action Game) and players in a non-action game (Balance 3D Puzzle) were compared after 10 
hours of playing. The players from the action game outperformed the players from the non-
action game (Feng et al., 2007). The results illustrate that video gamers outperformed in tasks 
associated with spatial working memory, such as enumeration and subitizing tasks (Feng et al., 
2007). In contrast, non-gamers can subitize a number of five or fewer. The researchers suggest 
that video gamers developed the ability to hold superior information in working memory (Feng 
et al., 2007). In addition, Feng and colleagues suggested that video gamers have less attentional 
blink that helps them take in more information to use during the playing (2007).  
Terlecki, Newcombe, & Little M. (2008) observed the attentional training effects through 
another experiment. They examined long-term effects on mental rotation training and 
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addressed whether training effects are both durable and transferable. The greater transfer 
durability effect was observed for those who trained with video games as opposed to those who 
trained with only practice. The results showed improvements in mental rotation with both test 
practices and video game training. The improvements were retained for several months later. 
Additionally, the video-game training transferred to other spatial tasks at a higher level than 
the effects of practice and this transfer advantage was maintained after (Terlecki et al., 2008). 
Understanding through multiple perceptual channels, verbal in spatial cues & technical terms 
There is growing literature supporting the notion that human representations of space 
and its development are influenced by the way in which space is structured in learning 
language (Ehrlich, Levine, & Goldin-Meadows, 2006, 2009). There is a series of studies on the 
effects of actions such as gestures on spatial thinking (Ehrlich, Levine, & Goldin-Meadow, 2013). 
The researchers investigated how children use gestures as a mean to improve spatial 
transformation and problem solving tasks. The researcher found that gesture provided helpful 
information about children’s movement and spatial strategies during solving the problems 
(Ehrlich, Levine, & Goldin-Meadow, 2009). Gestures help order the contents of thoughts as 
internalized perception (Shepard, 1984) and create the internalized action of thought (Piaget, 
1928).  
Brunyé and colleagues (2008) studied using spatial language and descriptions created by 
Taylor & Tversky (1992). The researchers confirmed the role of experience during developing a 
mental model, particularly from route perspective. Tversky & Lee infer these results to include 
the effect of switching perspective within the route description on both spatial knowledge  and 
reading times (Tversky & Lee, 2001; 2005). Shelton and colleagues analyzed the effect of 
environmental perspective in a series of studies in which participants watched walkthrough 
video of a simple virtual environment and were then tested for visual recognition of some 
lanmarks and locations (Shelton & McNamara, 2004). The results indicate both visual 
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perspectives generate perspective-dependent mental models, for both survey and route 
perspective learning (Shelton & McNamara, 2004). 
In Schwartz & Black’s (1996) experiments on imagery and mental model reasoning, the 
researchers connected conceptual knowledge of a physical system; gear mechanics with analog 
imagery involved with rotation. Through a series of studies, Schwartz & Black concluded that 
mental depiction during the rotation tasks was associated with their abstract knowledge and 
mental model referent (1996). 
 Lastly, the next evidence of the learning environment structure enhances learners 
engaging learning ability is shown in Chan and Black’s (2006) system learning in roller coaster’s 
kinetic and energy concepts. When learning using a mental model for a system, learners must 
learn and understand how components function as a whole and their relationship. The 
researchers found that computer graphic simulations with movement and animation benefit 
learners through functional relations between system entities. In the study, learners study the 
functional relation between the height of the roller coaster cars in the gravity field and the 
kinetic and potential energy through graphic computer simulations. Learners move the slider 
on the screen to show the roller coaster cars move along the track’s peaks and valleys. These 
visual and conceptual processes support learners instantaneously to see the results of the kinetic 
and potential changes in the bar graph animation (Chan & Black, 2006). 
Cognitive Processing Framework for Spatial Learning 
Taken together the literature review and the results of the pilot studies for advancing 
learners’ spatial thinking skills, I propose a conceptual framework by expanding the model 
proposed by Chan and Black’s (2006) Direct Manipulation Animation (DMA) and Cognitive 
Processing in Multimedia Learning (Mayer, 2005). Chan and Black’s framework is focused on 
the benefits of incorporating different modality channels in learning processes (i.e., the 
functioning of its sensory-motor perceptual processors), which are fundamentally synthesized 
from the Executive Process Interactive Control (EPIC) cognitive architecture (Kieras & Meyer, 
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1997). The EPIC cognitive architecture is designed for computational modeling of human 
multimodal and multiple-task performance, accounting for human perception, cognitive, and 
motor activity (ibid.). The EPIC cognitive architecture model helps explain and predict reaction 
times, response accuracy, and other individual’s behavior across variety of domains in human-
computer interaction situations, replicating human multimodal interaction and task 
performance (ibid.). 
For example, the EPIC cognitive architecture targets peripheral sensory-motor 
processors surrounding a cognitive processor consisting of a product rule translator and 
working memory (Kieras & Meyer, 1997, 2001). Specifically, there are separate perceptual 
processors, such as motor and sensory modalities, such as manual, vocal, and eye movement, 
which possess different processing features. Feedback pathways from these motor processors 
are necessary for managing multiple tasks with various working memories, from auditory WM 
to visual WM to motor WM to control storage, and so on (ibid.).   
Chan and Black’s (2006) DMA is designed to support learners with the opportunity to 
form the cognitive processes essential for understanding dynamic functional relations of the 
systems-to-be-learned and to diminish the perceptual demands. DMA’s most important feature 
is incorporating into the learning process simultaneously and it is congruent with haptic 
interactions with the to-be-learned systems, such as sequence, pace, and viewing direction 
(ibid.). The results of this haptic congruency provide learners to manipulate variables and 
simultaneously visualize the working systems dynamically. Through these processes, learners 




Figure 3. A Model of Cognitive Processing in Spatial Learning  
 
This study’s proposed model of cognitive processing in spatial learning (Figure 3) 
features similar fundamental aspects in incorporating multiple channels during the learning 
process. The model was drawn from the Chan and Black’s (2006) model of cognitive processing 
in multimedia learning. However, the proposed model in this study extends the multimedia 
learning for both computer-assisted and physical manipulation in the presentation formats of 
the haptic channel systems. For example, while manipulating information in a controlled-
animation (or simulation), learners control a computer-assisted device through a sensor as 2D 
movement on the screen. Learners may improve their spatial training through manipulating 
information and objects directly with their hand(s), such as controlling a physical object through 
sensors as 3D movement in space. The other important feature in the proposed model is called 
labeling or propositional integration, which requires the input of the information during the 
learning process on computer or paper. The input feature assumes additional completion of the 










































Like Chan and Black’s cognitive processing model in multimedia learning, information 
in the proposed spatial learning model is transferred into working memory in three different 
time segments, indicated as T1 (corresponding perceptual representations: sound, word, image, 
and touch/movement to ears, eyes and hands), T2 (Memory Stores: Verbal, Visual and/or 
Haptic), and T3 (Baddeley’s Central Executive, 1992). One of the most critical features of the 
spatial learning model is when information is presented in an input text format. Learners not 
only perceive written words visually but also process the meaning.. These are the two encoding 
processes involved in separate modalities: the perceptual information is transferred in the 
verbal and visual memory store, as described in Piavio’s (1991) Dual Encoding paradigm. 
Placing the Proposed Model in Spatial Instruction Training Context 
 To evaluate the proposed model of cognitive processing in spatial learning, this study 
specifically applies the cognitive processing model into the domain of mental rotation training 
(Figure 4). In this model, the object and mental rotation to be learned is determined by two 
factors: the complexity of the object and the angularity of the objects to be rotated, which is the 
number of sequential stages of the object rotation learners have to process and remember. The 
more complex the object and the higher the angularity of the rotation, the more difficult it is for 
learners to solve the rotation problem. This complexity relates to the notion of intrinsic 
cognitive load theory by Sweller (1994) because of the levels of decomposition stages of the 




Figure 4. Cognitive Processes of Understanding Object Mental Rotation with  
Propositional Integration 
 
 The proposed cognitive processing model argues that incorporating direct manipulation 
simulation (DMS) coupled with picture or animation with (“+” a plus sign in Figure 3) labeling 
(such as a written text of simple spatial cues or technical terms, such as left, right, up down, 90, or 
180 degrees) reinforces learners’ understanding of the object’s mental rotation to be 
learned/rotated/imaged. When the object is more complex and the rotation angularity is 
greater, the input or label text help learners decompose the rotation steps which not only 
offload learners’ visual working memory but also reinforce their understanding of the image in 
different parameters to be seen. This decomposing process is assumed to be helpful when 
depicting imagery and providing strategies during working memory and memory storing 
processes.  
In contrast, the proposed cognitive processing model provides only direct manipulation 


















































propositional integration, learners may correctly operate the object to be learned or rotated. 
However, learners will lack complete understanding for depicting imagery during working 
memory and memory storing processes. This latter assumption does not prevent learners from 
gaining spatial learning skills, but it indicates partial and incomplete mental model formation of 
the object to be learned. As a result of the latter prediction the mental representations may not 
foster the abilities associated with spatial thinking that scaffold lower spatial ability learners to 
execute the mental rotation operation quickly and precisely.  
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CHAPTER III: PILOTS & INSTRUMENT DESIGN 
 
In this section, the development and design of the research instrument derived from 
pilot studies are reported. The first two pilots explored different spatial training methods and 
helped shape the development of the instrument design of the mental rotation training tasks. 
Various components of external spatial representation were included, such as computer-
assisted 3D, physical direct-manipulation activities, and materials. Pilot III informed the basis of 
the dissertation study. 
The Pilot I results indicated improvement in spatial training overall, particularly more 
significant improvements from the computer-assisted conditions. Though significant, the results 
from Pilot I could not identify the exact causes from the training but providing some 
limitations. These limitations were various activities, assessment, and the computer interface 
tool. The purpose of Pilot II was to redesign the intervention conditions and tasks of Pilot I to 
focus only on the rotation and streamline the interface of computer-assisted usage in order to 
confirm the results of the first pilot. Pilot II showed significant results and confirmed similar 
findings from Pilot I. With results from the first two pilots, Pilot III was refined to include all 
comparable training interventions and systematical assessments of both paper-based and 
physical measures that were absent in the former pilots.  
Pilot III indicated the same significant performance improvement trend as the prior 
pilots on paper-based spatial tasks, but did not show any significant results for physical-based 
spatial tasks. The far transfer results were mixed. Taken together, Pilot III was essentially used 





 Pilot I explored different spatial training methods and investigated the sequences of 
process-based mental simulation facilitated by various structures of external spatial 
representation, including 3D technology, everyday artifacts, and spatial cues. The objective was 
to better understand how these components used in the training helped elicit prior experiences 
and affected spatial ability acquisition.  
 
Figure 5. Seven Stimuli for Both Computer-assisted & Physical Manipulation Tools 
Methods 
Participants 
 The participants consisted of forty-eight students (34 females, 14 males) from New York 
City metropolitan area recruited through advertisement, email and flyers, and a mandatory 
course credit. All participants were given an IRB approved consent form to participate in the 
study. The mean age of the participants was 27.14 years (SD = 4.3), ranging from 21 to 45 years 
of age. One was excluded from the study due to incompletion of the task.  
Research Design 
 The study was a between-subjects 2 by 2 factorial experimental design. The dependent 
variables were the test of spatial ability tasks, including demographic questionnaires, and brief 
exit interview. The independent variables were the external representations, as a training 
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environment with two levels; computer-assisted 3D and physical 3D, and the training materials, 
with two levels: simple geometry materials and everyday artifacts. 
Procedure 
 Participants were randomly assigned to one of the four conditions to learn about 
building blocks of geometry and/or architectural elements in two 50-minute sessions with four 
activities in two separate days. Pretest, posttest, demographic questionnaires, and brief 
interviews were conducted with debriefing at the end. 
Materials 
 Based on objects found in everyday contexts, simple geometric forms (i.e. wooden 
blocks) and architectural modeled elements (i.e. a chair, table, building, etc.) were used. The 
virtual 3D level consisted of the preprogramed SketchUp running on a MacbookPro, 
2.14GHz/Intel/Core-2-Duo/Processor with 2GB/1067MHz/DDR3 memory. The physical 3D 
group used wooden and scaled/modeled objects in various sizes (Figure 5). A paper and pencil 
form of representation was also used to illustrate the instruction and activities. 
Detailed Activities 
The activities were designed to parallel the cognitive processes used in spatial 
visualization tasks, i.e., the ability to understand, mentally encode, and then manipulate 3D 
spatial forms and objects. There are 4 different activities as the following: 
Activity 1 Introduction: Familiar with Learning Environment (10 minutes), the aim of this 
activity is to familiarize participants with the learning environment they are assigned to. 
Participants in all groups are instructed about external representation of the 2D to 3D 
environments and then they learn to operate and manipulate objects. For example, in the 
computer-assisted tool, the participants were instructed with icons and their usage during the 
training trials. For the computer-assisted condition, participants are required to put the 
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numbers of rotation angles and direction of the rotation into the prompt command on the 
computer screen to operate the object rotation movement. In the physical direct-manipulation 
tool conditions, participants are instructed with the object rotation movement and how it is 
represented. Participants directly grab an object to operate the object rotation movement. 
It is important to note that while participants for the computer-assisted condition were 
specifically instructed to use some numerical and spatial verbal terms such as 90, 180, X/Y/Z 
axes (horizontal/vertical), clockwise/counterclockwise, up/down, flip during their operation, 
participants for the physical direct-manipulation condition were instructed to use non-spatial 
verbal terms, such as, this way, that way, this direction, that direction, here, there, etc. during 
their operation. 
From Activity 2 through Activity 4, there were seven stimuli used in each assigned 
condition.  
Activity 2 Draw and Move Objects (15 minutes): the aim of this activity is for participants 
to first draw an object and then move the object around within the environment they are 
assigned to.  
Activity 3 and Activity 4 were focused on the rotating of the objects. In Activity 3, 
Rotation I: Rotate Objects (15 minutes), the aim was for participants to rotate an object in different 
directions such as in a horizontal plane (left and right) and a vertical plane (up and down). The 
rotation angles are also limited to 90 and 180 degrees. There were two trial blocks of rotations, a 
single rotation and a multiple rotation, for each stimulus. Examples are shown in Figure 6a and 
6b.  
Lastly, in Activity 4, Rotation II: Solve Puzzle (15 minutes), the aim was for participants to 
integrate seven pieces of objects into one object. The participants are expected to put all pieces 
together by rotating each object piece and locate them properly. If the participants finish this 
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task before the session ends, the participants will be given the same set and redo the puzzle 
again. 
 
Figure 6a. Examples of A Single Rotation Task 
 
Figure 6b. Examples of A Multiple Rotation Task 
Independent Variables 
There were two types of independent variables of spatial training: the external 
representation and the training material. The external representation of learning environments has 
two levels: computer-assisted 3D & physical 3D. The training material has two types: geometry 
or architecture. 
Dependent Variables 
Five assessments of spatial skills/tasks were used for pretest, posttest, and transfer, 
namely Guay’s Visualization of Viewpoints and Purdue Spatial Visualization Test with a score 
from 0-16 each. For the transfer, an estimation of the building dimensions was used (a score 




To assess whether participants were aligned with the conditions randomly assigned to 
them, the Likert-Scale from one to five was used with one indicating the most unfamiliar, 
implicit (abstract) and five indicating the most relatable, explicit (concrete).  
Results 
Spatial Tasks 
Overall, participants in both the control and experimental conditions improved in their 
posttest spatial measurement. For the mean pretest of all participants (M=22.14, SD=7.85), there 
was no significant difference, F(1, 45)=.022, p>.05. This indicates that in general all participants 
had a relatively equal level of spatial skills prior to the experiment. After the intervention, 
however, there was significant differences, t=1.15, df=45, p<0.05, between the mean posttest for 
the control group (M=30.2, SD=7.6) and the experimental group (M=34.6, SD=5.9). There was 
also significant differences, t=2.351, df=45, p<.05, between the mean gained score for the control 
group (M= 7.8, SD= 4.7), and for the experimental group (M=12.6, SD=5.8). This result 
suggested the participants with the virtual 3D tool improved significantly. 
Training Materials 
The effects of training materials used between simple geometry blocks and architectural 
elements were hypothesized for their content explicitness for the imagination. The result 
indicated the participants from the geometry material group made slightly more efforts in 
imagination when being exposed to the content: the mean gained score for the geometry group 
was M=10.62, SD=5.68 and for the architectural element group M=10.2, SD=5.06. However, the 




An ANCOVA was conducted on performance for all four groups with pretest scores as a 
covariate to answer two additional questions: first, whether the improvement in scores was 
greater for the group with the Computer-assisted 3D learning environment than the one using 
Physical 3D artifacts; second, whether improvement in scores was greater for the group with 
the simple geometry content than the one using architectural elements. The gained scores were 
then computed from the difference between the pretest and posttest for each participant. The 
results showed the main effect for the type of learning environment, statistically significant, F(1, 
45)=6.19, p<.05 (Ƞ2=.143) in favor of the computer-assisted 3D. For the main effect of the type of 
content used, the result showed no significant difference F(1,45)=.12, p=.731 (Ƞ2=.003) with no 
interaction between the two main effects. These findings showed that the learning outcome in 
the Computer-assisted 3D environment was better. The type of training material showed only 
marginally significant difference, which implied that participants who encountered less familiar 
objects may have used imagination. 
Transfer Task and S.T.E.A.M. Correlation 
There was no difference in estimating building heights and dimensions among 
participants for all groups. This could be due to the transfer tasks not being relevant to the 
spatial skill training. A more specific transfer task should be further investigated. In terms of 
correlation between previous experiences in math and science to the gained score improvement, 
the result showed correlation r(45) = .22, p<.05, which is in line with previous research from 
Wai and colleagues (2009). For manipulation check validating whether participants were 
aligned with the randomly assigned conditions, the Likert-scale from one to seven (most 
abstract to most relatable) was used. The results showed that the mean score in the abstract 
condition was 1.96 (SD=0.42), and the more relatable condition was 5.13 (SD=1.23). 
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Pilot II 
 The limitation from Pilot I suggested the possibility of the technological difficulties (such 
as human-computer interface) using a mouse to interact during training activities and the 
overcrowded information during the training activities. Pilot II was redesigned to address these 
issues by substituting the mouse-based interface to a touch screen-based computer and 
simplifying the content so that only one stimulus and a given object were being compared one 
at a time, side by side. This would provide learners ease of use and equally in cognitive 
engagement to the physical conditions. 
 The focus for Pilot II was to confirm only the efficacy of the use of the training 
environment (physical 3D and computer-assisted 3D). The spatial task assessments were 
substituted to the widely used and accepted MRT (score 0-40). The Surface Development Test 
was used (score: 0-30) as a transfer task since it is fundamentally related to the tasks required in 
engineering and architectural disciplines. Twenty-four participants (18 females) were recruited 
from New York City metropolitan area with the mean age of 26.43 years (SD =3.7), ranging 
from 22 to 42 year of age. Participants were similar in demographics from Pilot I to Pilot II. 
Unlike the four conditions in Pilot I, there are only two conditions in Pilot II. The experiment 
and the control conditions differed in external training environments, the computer-assisted 3D 
(with text/labeling) and physical 3D (without text/labeling). Both conditions utilized both 
abstract and concrete training materials. 
Similar materials from Pilot I were used with the exception of the followings: 
1)  Apparatus (change in computer user interface): instead of using a mouse to interact with 
an object in 3D environment, a direct touch-screen is used. The computer-assisted 3D 
preprogramed SketchUp was running on an Inspiron 11.6" Touch-Screen Laptop Dell 
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computer, with 1.4 GHz Intel® Processor, 2 GB 1067 MHz DDR3 Memory 500GB, and 
HD graphics. 
2)  Artifacts: To make the experience richer, learning materials of both simple geometry and 
familiar architecture artifacts were both used.  
3)  Assessment: Testing material for spatial task was changed to Mental Rotation MRT with 
two sections of 20 questions (zero to 40 possible scores, three minutes each. For the near 
transfer task, we used the Surface Development Test comprised of six questions with 
five correct answers each (zero to 30 possible scores). 
Dependent Variables 
For both Pretest & Posttest, Spatial Tasks of the Mental Rotations Test (MRT) 
(Vandenberg and Kuse 1978) was used, which requires participants to identify rotated versions 
of three-dimensional objects composed of cubes. The possible scores range from one to 40. For 
the near transfer task, the Surface Development Test was used. The test has face validity in that 
it is related to the architectural processes when forming elevations of all sides of the building. 
The possible scores range from zero to 30. See Appendix A for the full detailed dependent 
variables. 
Procedure 
Similar steps in Pilot I were used. The activity details were modified and focused only 
on rotation tasks, as similar Activities 3 & 4 in Pilot I. The activity materials were combined both 
geometry and architectural artifacts for each training environment in a counterbalanced 
manner. Additionally, a systematic step of an external representation introduction was added. 
In this introduction step, participants get familiar with what and how to operate within their 
assigned instructional medium. For the rotation tasks, there were two trial training blocks of 
rotations: single and multiple rotations. 
 32 
Results 
As predicted, similar results as in Pilot I were observed. Overall participants both the 
control and experimental groups, improved in their posttest spatial measurement. There was no 
significant difference, t=0.97, df=22, p>.05, for the mean pretest of participants for the 
Computer-assisted group (M=18.9, SD=3.4) and for the physical group (M=17.8, SD=2.4). This 
indicates in general all participants had equal amount of spatial skills prior to the experiment. 
In contrast, after two sessions with four spatial activities, there was significant difference, 
t=2.31, df=22, p<0.05, between the mean posttest for the text/labeling-process in Computer-
assisted group (M=27.1, SD=3.1) and the non-priming physical group (M=24.3, SD=2.7). There 
was also significant difference, t=2.20, df=22, p<0.05, between the mean gained score for the 
physical group (M= 6.58, SD= 5.9) and the mean gained score for the Computer-assisted group 
(M=8.17, SD=1.8). This result suggests that even though participants from both groups gained 
more spatial thinking skills from the training, the participants who experienced it with the 
priming processes in Computer-assisted 3D as an external representation improved 
significantly more. 
Correlation between previous experiences in math and science classes to the gained 
score improvement was tested. The result showed correlation, r(23) = .15, NS. It could be 
possible that people who had more experience in math and sciences could also have inherited 
spatial skills as shown in the S.T.E.A.M. domain, which is moderately related to spatial 
reasoning. 
For the near-transfer task, there was significant difference for both groups in favor of the 
experiment group, t=1.24, df=22, p<.05. This more specific type of transfer task should be 
investigated for future research. The manipulation check for the difficulty of the tasks showed 
similar result as in Pilot I. The mean score for the participants in the physical condition was 1.65 
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(SD=0.72), and the mean score for the participants in the more computer-assisted condition was 
2.25 (SD=1.55).  
Pilot II Discussion 
Main effects from Pilot 1 were replicated. The learners who were given training 
instruction with the text input (labeling or propositional integration) processes using spatial 
cues and technical terms condition performed better than those learners who were trained with 
the instruction without text/labeling processes.  This result suggests the possibility of the 
instruction that offers a more extended period of planning before execution may have helped 
learners decompose steps of mental rotation into some form of spatial cues and technical terms 
that ultimately helped offload their visual memorization but integrated their understanding of 
the complete imagery rotation. Additionally, the user-friendlier human computer interaction 
helped alleviate some technical difficulty, as there was no report on technical challenges during 
and after sessions. The correlational findings regarding previous experiences in S.T.E.A.M. 
classes and spatial skills gained scores showed slightly low positive correlation as potentially 
explained by the small number of participants and therefore low statistical power.  
Discussion from Pilot I & Pilot II 
The results across two pilots helped confirm that steps of process-based mental 
simulation, such as text input/labeling versus non-text input/labeling instruction (later, this 
process is called propositional integration), maybe important and were essentially facilitated by 
external spatial representations and spatial cues (computer-assisted tools). The external 
representational components as found in Computer-assisted 3D may have aided learners in 
mental spatial formation, resulting in better spatial skill improvement. Additionally, Pilot I 
showed that the group with propositional integration in Computer-assisted 3D was superior to 
the group without priming physical 3D, particularly because Computer-assisted 3D may have 
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provided more perceptual channels during thinking processes such as a prompted question for 
propositional integration, cues and technical terms while physical direct-manipulation 3D did 
not. Pilot II further confirmed the importance of priming instruction process inquiry during 
spatial problem solving tasks. For the findings for S.T.E.A.M. and spatial skills correlation, it 
showed marginal positive correlation, but it is still in line with previous research (Wai, 
Lubinski, & Benbow, 2009). 
Limitations and Recommendations for Pilot III  
 Both pilot studies indicated limitations in several ways, particularly a number of 
unbalanced comparison conditions of the external spatial representation. Therefore, Pilot III 
research design addresses this concern. For the effectiveness of text integration and 
decompositional processes, a future research design may look into more specific training steps 
as well. The following is the summary of the revision for Pilot III: 
1)  Developing fully complete four manipulation conditions: two groups of priming-process 
computer-assisted 3D using a touch-based interface conditions, and two groups of non-
priming physical 3D using scaled modeled. 
2)  We may assume that processes during training such as integrating propositional may 
elicit spatial cues and knowledge that seem to reinforce mental formation and complete 
imagery processes (both image and verbal). Therefore, on one hand, the Pilot III 
intervention should include this explicit step during training tasks in physical 3D, as a 
similar condition to the previous computer-assisted 3D one. On the other hand, the 
future intervention should include the no propositional integration during the training 
in computer-assisted 3D, as similar condition as in the previous physical 3D one. 
3)  Spatial assessments should include the tasks for specific training, near transfer, and far 
transfer to demonstrate the effects of the trainings overall. These will help identify 
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whether the improvement can be only specifically or generally attained (Wright et al, 
2008). Furthermore, the form of the assessment should include not only paper-based 
tasks but also physical tasks. The reason is to eliminate benefits that may occur for some 
specific conditions either physical or computer-based instructions. 
Pilot III 
Taken together from the results of Pilot I and II, and the recommendations above, Pilot 
III was addressed to complete 4 manipulation conditions: 2 groups utilized computer-assisted 
3D through a touch-based interface and two groups utilized a physical direct-manipulation 3D 
scaled modeled. Across these conditions, the investigation of whether incorporating spatial cues 
would improve learners’ performance was prioritized. Therefore, two conditions with 
integration of propositional and two with no propositional integration tasks were included. 
This methodology would provide a much closer look at how the decomposition process and the 
formation of mental imagery during the intervention helped learners develop better spatial 
skills.  
Furthermore, Pilot III explored additional option of physical assessment tasks, such as a 
building from puzzle blocks (pre-posttest) and constructing a building from LEGO (a near 
transfer, posttest), and Building Memory (a far transfer posttest), in addition to the 
standardized MRT and the Surface Development Test. The additional assessment objectives 
were twofold; to systematically assess learners’ spatial skill development in more specified 
ways through pre-posttest, a near-transfer task, and a far-transfer task; and to rule out whether 
there was any advantages that may have occurred from the paper-based assessment in the 




Twenty-eight participants were recruited from New York City metropolitan area (19 
females and 9 males) with the mean age of 26.72 years (SD =5.6), ranging from 22 to 34 year of 
age. Participants were similar in demographics from Pilot I and II. Some participated through a 
mandatory requirement for course credit, while others were recruited through advertisement 
and/or word of mouth. All participants were given a signed consent form in order to 
participate in the study. Two of them did not complete the study. 
Research Design 
A 2 x 2 factorial design was used with a level of integration of propositional (labeling 
versus without labeling) and a level of instructional media tools (computer-assisted versus 
physical direct-manipulation), see Figure 7.  
 
Figure 7. Four Rotation Training Groups 
Materials 
Training materials were similar to the previous Pilot II, with additional refinement of 
apparatus and some assessment as following: 
1)  Apparatus: change in computer user interface: a direct touch-screen was used. The 
virtual 3D preprogramed 123 Design was run on an iPad 2. 
2)  An additional three testing materials for spatial tasks were a building from a puzzle 
block, or LEGO, and Building/Map Memory Task. 
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3)  Similar to Pilot I and II, the training stimuli were composed of seven objects, including 
virtual objects pre-built in computer-assisted conditions and wooden blocks in physical 
direct-manipulation conditions, see Figure 8. Two blocks of rotation training trials a 
single rotation for Block I, and multiple rotations for Block II. 
 
Figure 8. Seven Objects for Each Interventional Group 
Dependent Variables 
Paper-based assessment 
Similar to Pilot II, both pretest & posttest, spatial tasks of the Mental Rotations Test 
(MRT) (Vandenberg and Kuse 1978) were used, requiring participants to identify rotated 
versions of three-dimensional objects composed of cubes. The possible scores range from one to 
40.  
For the near transfer task, the Surface Development Test was used as a post test. The test 
has a face validity that is related to the architectural processes when forming elevations of all 
sides of the building. The possible scores range from zero to 60 (two parts, 30 each). 
Physical-based assessment 
Building Puzzle Block, for both pretest and posttest. Participants construct 20 pieces of 
wooden blocks various shape into a 4x4x5 levels large block. The number of pieces is 20 and 
levels completed are 5 with two trials. The total score is 60 maximum. 
 38 
For near transfer physical assessment task, constructing a LEGO building of 77 pieces 
and 23 floors were used with a total score of 100.  
For the far transfer spatial task, the building memorial task by Ekstrom et al., (1976) was 
adopted. Participants memorize the buildings, landmarks, and objects in a small map and then 
were tested for their locations. The score was up to 20 for each of two separate tasks with the 
total of 40, Figure 9. 
 
Figure 9. Near & Far Posttests of Physical Spatial Tasks & Building Memory Map 
Procedure 
With similar steps used in Pilot II, learners participated in an introduction phase and 
four rotation activities over a two-day period. The rotation activities used training materials of 
geometry artifacts for each learning environment in two trial blocks: one rotation and multiple 
rotations. For the first day, participants started with signing a consent form, and two spatial 
pretests (paper-based and physical). Participants were then introduced to the instructional 
media in the condition they were assigned to. Next, they proceeded to the rotation activities. 
For the second day, participants continued with rotation activity tasks, then spatial posttest 
tasks, as well as questionnaires, and an exit interview and debriefing.   
Activity details: Introduction 
In this step, the goal was to have participants familiarize themselves with what and how 
to operate within their assigned instruction media. For example, in the computer-assisted 
media, the participants were instructed with the buttons used during the training trials. For the 
propositional integration condition, participants were required to put the numbers of rotation 
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angles and direction of the rotation into the prompt command on the computer screen to 
operate the object rotation movement. On the other hand, for the no propositional integration 
condition, participants would slide/pinch the fingers across the screen to operate the object 
rotation movement.  
In the physical direct-manipulation media conditions, participants were instructed on 
the object rotation movement and how it was represented. For the propositional integration 
condition, participants were required to first put the numbers of rotation angles and direction of 
the rotation on a piece of paper, and then operate object rotation movement, respectively. On 
the other hand, for the no propositional integration condition, participants directly grab an 
object to operate the object rotation movement. 
It is important to note that while the participant for the propositional integration 
conditions were specifically instructed to use some numerical and spatial verbal terms such as 
90, 180, X/Y/Z Axes (horizontal/vertical), clockwise/counterclockwise, up/down, flip during 
their operation, the participant for the no propositional integration conditions were instructed 
to use non-spatial verbal terms, such as, “this way,” “that way,” “this direction,” “that 
direction,” “here,” “there,” etc. during their operation. 
Activity Details: Rotation Tasks  
All seven geometrical stimuli were used, similar to previous pilots. The aim was for 
participants to rotate an object with different directions such as a horizontal plane (left and 
right) and vertical plane (up and down). The rotation angles are limited to 90 and 180 degrees. 
Two trial training blocks of rotations were used, a single rotation and a multiple rotation, as 
well as a use of realistic and line-drawing representation for each of stimulus. Examples are 
shown in Figure 10. 
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Figure 10. Examples of A Single Rotation & Multiple Rotation Tasks 
Results 
For the Mental Rotation Test, overall participants in all conditions improved in their 
posttest in spatial measurement. The ANOVA of gained score results showed potential 
significant close to p<.10 (.066) among all four groups. However, in a pairwise comparison, 
results of significance for the propositional integration were more evident. The significant 
results indicated, F=8.72, p<.05 (.007) but non-significant result in Instruction Tools, F=.0116, 
p=NS (.736). Additionally, a potential significant trend showing in the t-test comparison of the 
Computer Assisted Media (CL vs. CN), t = 1.81 (df=11), p <.10 and in the Physical Manipulation 
(PL vs. PN), t = 1.72 (df=11), p = NS (p=.11) was seen. 
For the results of the Building Puzzle Tasks, further analyses indicated non-significant 
results for all group comparison, F=0.007 p=NS (.946). Similarly, pairwise comparison both 
Propositional Integration and Instructional Tool were non-significant, F=.119, p=NS (.733) and 
F=.120, p=NS (.732). 
For the Surface Development Task (SDT), close to significant results were observed in 
group comparison (ANOVA), F=2.853, p=.061, and some significant different in pairwise and t-
tests of the propositional integration group, t = 3.004 (df=24), p <.05 (.06) and between Physical 
Manipulation: PL vs. PN t = 2.27 (df=11), p<.05 (.044). There were no other significant results in 
between Instruction Media, or other t-test pairs. 
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For posttest near transfer of Building LEGO in all group comparison and pairwise t-
tests, there were non-significant results, except in a t-test pair of CL versus CN, t=-2.44 (df-11), 
p<.05 (.033). Similarly, for Building Memory (MAP) posttest near transfer of all group 
comparison and pairwise t-tests were non-significant, except in a t-test pair of CL versus CN, 
t=-2.679 (df-11), p<.05 (.021). 
Discussion 
Main effects were replicated in Pilot I and II. The learners who were trained with a 
training instruction with propositional integration using spatial cues and technical terms 
condition performed better than those learners who were trained with the instruction without 
propositonal integration processes. This might be due to the dual encoding processes (Paivio, 
1991) that reinforce the completion in understanding of mental imagery (Kosslyn, 1980).  
Furthermore, user-friendlier interfaces for the human-computer interaction via touch screen 
tablet may have helped alleviate some technical difficulty, as there was no report on technical 
challenges during and after sessions found in Pilot I. Lastly, the results from both physical 
assessment of Puzzle and LEGO building were not found statistically different among all 
conditions. We may infer that there should be no benefit between the training conditions of 
physical and computer-assisted conditions. Therefore, for the proposed dissertation, these 
physical assessments will not be further investigated. 
Implications for Instrument Design 
Taken together, three pilot studies were reported. The first two pilots explored different 
spatial training methods by investigating the potential sequences of process-based mental 
simulation in spatial thinking. Various components of external spatial representation were 
included, such as computer-assisted 3D tool, physical direct-manipulation, activities, and 
materials used. The results from the first pilot indicated improvement in spatial training overall, 
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but particularly significant from the computer-assisted conditions. Though significant, the 
results from Pilot I could not identify the exact causes from the training and lent some 
limitations, such as specific activities, the assessment used, or the interface used in computer-
assisted tool.  
Therefore, Pilot II was conducted to redesign the intervention conditions and tasks to 
focus on only the rotation, and to streamline the interface of computer-assisted usage in order to 
confirm the results of the first pilot. As a result, Pilot II showed significant results of training 
effects from the rotation tasks. With results from the first two pilots, Pilot II was refined to 
include all comparable training intervention and systematical assessments of both paper-based 
and physical measures that were absent in the first two pilots. The results from Pilot III 
indicated the same significant trend of spatial skill improvements similarly found in first two 
pilots on paper-based form of spatial tasks. However, the results did not show any significant 
results for physical-based one. The far transfer results were mixed. From these results, Pilot III 
was essentially used to test the efficacy for the bases of this dissertation study. 
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CHAPTER IV: METHODOLOGY 
 
Research Questions & Hypotheses 
The primary goal of the dissertation study is to analyze and discuss the cognitive 
processes in developing spatial thinking skills, including a proposed cognitive processing 
model for spatial thinking learning. To determine the overall effectiveness of the proposed 
model of cognitive processing in spatial learning, the relevant questions guiding the research 
are as follows: 
1)  What are the effects of combining perceptual systems of haptic and visual, particularly 
when integrating a verbal one such as explicit propositional integration versus no 
propositional integration in a training environment? Are those effects dependent upon 
whether they are used in computer-assisted or physical manipulative environment for 
developing individuals’ spatial ability skills? 
2)  To what extent will the spatial training skills in the cognitively process-based and 
specific decomposing method of a mental rotation task be transferred to other rotation 
related spatial skill types (such as a surface development task used in engineering and 
architectural disciplines) or to other S.T.E.A.M. related mechanisms (such as perspective 
taking and spatial relation in topographical map)? 
In addition to the cognitively process-based goal above, the secondary goal of this 
dissertation will analyze and discuss the influences of individual difference in developing 
spatial thinking skills. The questions guiding the research interests are: 
3)  Do different genders exhibit different degrees of improvement in spatial skills?  
4)  Do participants with more experience in S.T.E.A.M. (numbers of math and science 
courses taken in the past (specifically the past five years) exhibit greater improvement in 
spatial skills than those who lack experience in the S.T.E.A.M. fields?  
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5) Do participants with more exposure to video games exhibit greater improvement in 
spatial skills than those with less exposure? 
Hypotheses  
The previous research by Wright et al., (2008) illustrate the superiority of spatial ability 
gains through the cognitively process-based training over the instant-based training paradigm. 
The researchers suggest that the cognitively process-based intervention help target the initial 
encoding of spatial stimuli, and as a result there is a reliable spatially generalized transfer of the 
developed spatial skills. Based on this process-based training paradigm, I will test the efficacy 
of the proposed model of cognitive processing on spatial learning: 
H1: Completion of Cognitively Process-based with Explicit Integration (Propositional Effect) 
I predict that learners who are trained with cognitive process-based mental rotation, 
specifically the explicit propositional integration during decomposition of the task, will gain 
more spatial skills and formulate better spatial mental models than those learners trained 
without propositional integration condition. 
H2. Training Environment Effect (Rotation Method) 
I predict that there will be no difference in spatial skills obtainment among learners 
whether in a computer-assisted multimedia learning environment or a physically manipulated 
one. 
H3: Transfer Performances on Spatial Tasks (Propositional Integration Transfer Effect) 
I predict that learners who are trained with complete cognitive process-based mental 
rotation will perform better in some transfer tasks than those learners who are trained without. 
H3a: Near transfer of mental rotation related task Surface Development Task 
H3b: Far transfer of other S.T.E.A.M. mechanism task Topographical Map Assessment 
For other discussions in this dissertation, correlational analyses of individual differences 
and influences on developing spatial thinking skills will be conducted for the following: 
1) Gender differences 
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These analyses are based on Linn and Petersen’s (1985) and Ceci et al. (2009) meta 
analysis on sex-differences in spatial ability, particularly in mental rotation task between 
females and males. 
2) S.T.E.A.M. disciplines 
Based on Shea, Lubinski, & Benbow (2001)’s and Wai, Lubinski, & Benbow (2009)’s 
correlational research inform that spatial ability strongly predict, achievement and attainment 
in STEM, as well as a strong relationship between spatial abilities and mathematics and sciences 
learning experiences 
3) Games studies affect working memory and visual attention:  
In a study by Feng and colleagues (2007) that investigated the effects of video game 
playing on spatial skills including transfer of mental rotation tasks, their results show that video 
gamers outperformed in multiple tasks that associated with spatial working memory. 
4) Time responses and trial errors 
Based on the strategies (Hegarty and Waller, 2005), learners with more experience in 
spatial learning use piece-meal strategies (using some features of the stimulus) during their 
reasoning, rather than holistic approach (memorizing whole images of the stimulus). This 
results in reduction of time responses and number of trial errors differences. 
Methodology 
Participants & Settings 
One hundred and twenty seven students from New York City metropolitan area (74 
females and 53 males) participated in this study. The mean age of the participants was 24.72 
years (SD =4.49), ranging from 19 to 35 years. Of the one hundred twenty seven participants, 38 
were from the United States and the rest were from other countries (30.7% undergraduates and 
69.3% graduate students). Participants were recruited through an advertisement, a word of 
mouth. While some participants were required to complete a mandatory course credit, while 
others received monetary compensation. All participants were given a signed consent form in 
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order to participate in the study. There were three participants who did not complete the study 
and not included in the total number above. 
Research Design 
The design of the proposed dissertation study is a 2x2 factorial between-subjects design 
plus a control, shown in Figure 11. The independent variables are one level of propositional 
integration (verbally explicit explanation vs. without), one level of training environment or 
rotational method (computer-assisted vs. physical-manipulation, i.e., digital objects on the iPad 
or real objects), and a control group (i.e., no rotation activities, no explanations). 
The dependent variables assess spatial ability tasks, including direct to the training, near 
and transfer tasks. There were a record of time spent and error rates during training trials. The 
demographic questionnaires and brief questionnaires were conducted.  
 
  + 
     
Figure 11. Four Training Interventional Groups & A Control  
Materials & Apparatus 
Computer-Assisted 
A touch-screen tablet is used to host training contents, simple geometric objects. These 
contents are externally represented in a computer-assisted 3D pre-programed application, 123D 
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Design, on an iPad Version 2. A paper and pencil form of representations are used to illustrate 
the instruction and activities. 
Physical Manipulation 
Physical objects are wooden models, consisting a small cube unit, 3/4" by 3/4" in size. 
They are constructed and constrained to less than 4” Width x 4” Height x 4” Depth. All physical 
objects are replicated in the Computer-assisted 3D counterpart. A paper and pencil form of 
representations are used to illustrate the instruction and activities.  
Control Group 
An iPad used for the control group. In this group (Figure 12), individuals memorize the 
color location on the given object, then mark it on the iPad. Similar to the interventional groups, 
there are a total of 3 blocks of tasks, one color spot, two color spots and multiple color spots. 
The total training session equals to 42 trials. 
 
Figure 12. A Control Group  
Stimuli 
Figure 13 shows stimuli used for training for both computer-assisted 3D and physical 3D 
environment. For all spatial training conditions, all of these stimuli are presented one by one on 
a computer screen as participants finish the task in each trial and then select next. 
  
Figure 13. Seven Stimuli for Computer-assisted & Physical Manipulation Groups 
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Dependent Measures 
Participants took a pre- and post-test, one near-transfer test, one far-transfer tests, one 
demographics questionnaire, and brief solution explanation. Time responses, error and trials at 
each training session were recorded. 
Pre-Posttest Mental Rotation Measures 
1) Paper-based measure: Vanderberg and Metzel’s (1971) V-K Mental Rotation Test 
(MRT). The MRT is a standardized test of spatial ability assessing an individual’s ability to 
rotate and visualize a 3D object. In this test, participants view a 2D image of a 3D target figure 
and four test figures; two of the test figures that are matched and two of the test figures are 
mirrored. Participants are required to determine the two test figures that match the target 
figure. The MRT consists of 20 questions with two points for each question. The possible range 
of scores is 0 to 40. 
Near Transfer Posttest Measures 
2) Paper-pencil based measure: Ekstrom et al., (1976)’s Surface Development Test 
(SDT). The SDT is a standardized test of spatial ability assessing an individual’s ability to 
visualize and form a mental image of an object on the right which are formed from the flat 
pattern (2D) on the left to 3D on the right. Individuals must determine which letters on the 3D 
image correspond with the numbers on the 2D pattern. The SDT consists of 12 questions with 
five correct answers respectively. The possible score range is from zero to 60. The reliability 
Kuder-Richardson coefficient is .84 (Goldman, Osborne, & Mitchell, 1996). 
Far Transfer Posttest Measures 
3) Jacovina et al., (2010)’s Topographic Map Assessment (MAP). The standardized 
MAP is a task involving the use and understanding of topographic maps (e.g. spatial relations, 
perspective taking, spatial inferences, etc.), which consists of 16 questions (16 total points). 
Participants must be able to understand the conventions of topographic maps and be able to 
visualize terrains from contours maps to solve problems. 
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4) Response Times and Error Rates during training trials 
Response times and error rates was conducted and videotaping performed for further 
references. 
5) Demographics and Manipulation Check 
The demographic questionnaire consists of a series of questions on an individual’s background, 
including asking the number of mathematics and science classes previously taken, any type of 
video games played and frequency, etc. The exit questions are intended to assess an 
individual’s attitude on the tests and S.T.E.A.M. disciplines.  
Procedure 
Figure 14 illustrates the complete procedure of the dissertation study, including two 
separate days with about a minimum of one to two days break. 
 
Figure 14. Procedure on Training Activities 
Step 1: Participants were given IRB rights and consent forms. All participants were informed 
that they would be learning about geometric and architectural elements using instructional 
materials in two sessions for approximately an hour, respectively. Upon their agreement, the 
participants were randomly assigned to one of the five conditions.  
Step 2: Participants started with the spatial pretest tasks.  
Step 3: Participants received the introduction training, including environment setting and 
requirements for further activities. 
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Step 4:  The first rotation activity (Block I: Single Rotation) 
Step 5: The second rotation activity (Block II: Two Rotations) 
Then a break of a minimum of one or two days before the second session was scheduled. 
Step 6: The third rotation activity (recalling what participants had done in the last rotation 
training) 
Step 7: The first rotation activity (Block III: Multiple Rotations) 
Step 8: Posttest of V-K MRT  
Step 9: Posttest of the near transfer SDT and the far transfer MAP 
Step 10: Participants completed the study session by answering the questionnaires and were 
debriefed. 
Activity Training Overview (Extended from Instrument Design Chapter): 
In introducing the activity training, the goal is to familiarize participants with what and 
how to operate the instruction media. For example, in the computer-assisted media, the 
participants are instructed with the use of icons and their operations. For the propositional 
integration condition, participants are required to put the numbers of rotation angles and 
direction of the rotation into the prompt command on the computer screen to operate the object 
rotation movement. On the other hand, for the no-propositional integration condition, 
participants will slide/pinch their fingers across the screen to operate the object rotation 
movement.  
In the physical direct-manipulation media conditions, participants will be instructed on 
the object rotation movement and how it is represented. For the propositional integration 
condition, participants are required to first put the numbers of rotation angles and direction of 
the rotation into the prompt command on a piece of paper, and then operate the object rotation 
movement, accordingly. On the other hand, for the no-propositional integration condition, 
participants will directly grab an object to operate the object rotation movement. 
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Furthermore, participants for the propositional integration conditions are specifically 
instructed to use some numerical and spatial verbal terms such as 90, 180, X/Y/Z Axes 
(horizontal/vertical), clockwise/counterclockwise, up/down, flip during their operation. 
Participants for the no-propositional integration conditions are instructed to use non-spatial 
verbal terms, such as, “this way,” “that way,” “this direction,” “that direction,” “here,” “there,” 
etc. during their operation. 
Rotation activities  
All seven geometrical stimuli will be used. Participants trained with three blocks of 
rotation trials, see Figure 15:  
1) Single rotation (only either 90- or 180-degrees rotation),  
2) Double rotations (first rotation of either 90- or 180-degrees, then another rotation of 
either 90- or 180-degrees), and  
3) Multiple rotations (first rotation of either 90- or 180-degrees, then another two 
rotations of either 90- or 180-degrees). Additionally, realistic and line-drawing representations 
of the stimuli will be used. Therefore, all participants performed a total of 42 trials.  
 
 
      + 
 
Figure 15. Examples of Rotation & Memorization Activities  
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Key Treatment: For each experiment condition, participants are first asked to learn a 
simple external representation of three-dimensional forms corresponding to the environment 
they are randomly assigned to. Then, for the operation of the object rotation activities, each 
experimental condition manipulated the objects differently. An example for the task for each 
condition is described below. 
Computer-Assisted with explicit propositional integration group: The participants in this 
group are taught to use simple operations for a Computer-assisted learning environment, using 
a touch-based screen. For each rotation task and using their fingers, participants select the target 
object and then designate the direction of the rotation. Afterwards, the participant MUST enter 
the number of the rotation angle degree. 
Physical Manipulation with explicit propositional integration group: The participants in this 
group are asked to operate an object in a physical manipulation-learning environment 
(manipulative). For each rotation task, by using their hand(s) and fingers, participants hold and 
rotate an object, until the object is rotated to the participants’ satisfaction. However, in this 
condition, the participants MUST indicate the number of the rotation degree by writing it onto a 
paper for each step of the rotation. 
Computer-Assisted with no propositional integration group: The participants in this group 
are taught to use simple operations for a computer-assisted learning environment, using a 
touch-based screen. For each rotation task, participants locate their fingers on the touch screen 
to designate any direction of the rotation, freely, until the object is rotated to their satisfaction. 
In this condition, the participants DO NOT indicate the number of the rotation angle degree. 
Physical Manipulation with no propositional integration group: The participants in this group 
learning environment are asked to physically manipulate operate an object using their hand(s) 
and fingers. For each rotation task, participants hold and rotate an object, until the object is 
rotated to their satisfaction. However, in this condition, the participants DO NOT indicate the 
number of the rotation degree onto paper. The participants freely rotate the object. 
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In summary, regarding the manipulation of the conditions, the Computer-assisted 
groups both use touch-based screens to interact with the object. While the Computer-assisted 
with explicit propositional integration group must indicate the rotation angle, the Computer-
assisted without explicit propositional integration group do not. For the physical groups, both 
use their hands and fingers to directly manipulate the objects. While the physical group with 
explicit propositional integration must write down the rotation angle degree onto a paper, the 
physical manipulation without integration group does the rotation freely without being asked 
to write down anything. 
Outline of the Data Analyses 
 There were three main analyses for the dissertation. 
1) For specific hypotheses, the following were proposed analyses: Hypothesis 1, 2 & 3:  
- Using ANOVA and ANCOVA, the gain scores between pretest, posttest, and transfer 
test score between conditions will be compared to determine whether there are main effects for 
each factor.  
- Using errors and response rates during learning trials in relation to spatial tasks. 
2) For other related discussions, correlational analyses were conducted, including individual 
differences such as S.T.E.A.M. involvement, prior relevant experiences (active games, math and 
science classes taken), and gender differences. The dependent variables from the surveys were 
used and consisted of the number of math and science classes previously taken and number of 
active sports and games played. 





























Figure 16. Intentionally Leave It Blank for Cognitive Offload   
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CHAPTER V: RESULTS 
 
 This chapter reports the results of the study and is organized into three sections. The 
first section presents the descriptive statistical data that provide participants’ mean scores for 
the spatial assessment of a direct rotation training V-K Mental Rotation Task (MRT), for pre-, 
post- tests and gain scores, a near transfer Surface Development Task (SDT), and a far transfer 
Topographical Map Assessment (MAP). All scores in this section are computed and reported in 
percentages. The second section reports the hypotheses test results. There are several statistical 
analyses presented to determine the efficacy and validity of the hypotheses for the dissertation 
study. The third section outlines participants’ individual differences and background 
experience influences. Table 1 establishes overall numbers of participants by experimental 
groups and control. 
 
Table 1. 
Number of Participants by Groups (Experimental & Control)* 
Experimental Groups  
Explicit Integration 
Propositional 
PI (n = 51) 
 
None Propositonal 











t Computer-Assisted  
CG (n = 52) 
 
CP (n = 26) CN (n = 26) 
Physical Manipulation  
PG (n = 50) PP (n = 25) PN (n = 25) 
 







n Computer-Control  
CC (n = 25)  NR (n = 25) 
*Total Participants of 127 
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Means Scores of Spatial Assessment Tasks 
V-K Mental Rotation Task (MRT)  
Participants’ mean scores for pretest, posttest and gain for all groups, including four 
experimental groups and a control group, are reported in Table 2. Among five groups, the 
pretest mean scores of the control group (NR) participants (M=51.22, SD=13.3) are the highest, 
while the pretest mean scores of the participants in the computer-assisted without explicit 
propositional integration (CN) is M=44.81,SD=15.9 are the lowest. However, there is no 
statistical significant differences for all groups, F(4,121)=0.495, p=NS (0.483), or for a pairwise t-
test between NR and CN, t = 1.55 (df=49), p=NS (0.127). These findings infer that on average 








Explicit Integration   
Propositional  No Propositional  Total 
 
n M SD 
 
n M SD 
 












Assisted 26 49.04 13.7 26 44.81 15.9 52 46.92 14.9 
Physical 
Manipulation 25 49.70 13.4  25 49.01 14.1  50 49.35 13.6 
 Total 51 49.36 13.4  51 48.86 15.0  102 48.72 14.1 
  
Control Group 
 Memorization Task 
 
n M  SD 
N
o Computer-
Control 25 51.22 
 
13.3 
Note: Scores shown in percentage 
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The participants mean scores for the posttest in Table 3 demonstrate a trend toward the 
Explicit Propositional Integration group as the highest followed by the control group (M=66.37, 
SD=13.9), and then the No Propositional Integration group (M=59.02, SD=16.0). Consistent with 
the posttest results, the gain mean scores in Table 4 illustrates similar pattern suggesting 








Explicit Integration   
Propositional  No Propositional  Total 
 
n M SD 
 
n M SD 
 












Assisted 26 65.58 14.3 26 57.60 17.1 52 61.59 16.1 
Physical 
Manipulation 25 67.20 13.6  25 60.51 15.0  50 63.85 14.6 
 Total 51 66.37 13.9  51 59.02 16.0  102 62.89 15.1 
  
Control Group 
 Memorization Task 
 
n M  SD 
N
o Computer-
Control 25 63.70 
 
14.5 













Explicit Integration   
Propositional  No Propositional  Total 
 
n M SD 
 
n M SD 
 












Assisted 26 16.54 6.7 26 12.79 7.5 52 14.66 7.3 
Physical 
Manipulation 25 17.50 8.1  25 11.51 6.5  50 14.51 7.9 
 Total 51 17.01 7.4  51 12.16 7.0  102 14.17 7.5 
  
Control Group 
 Memorization Task 
 
n M  SD 
N
o Computer-
Control 25 12.51 
 7.4 
Note: Scores shown in percentage 
 
 Overall, the findings in Figure 17 indicate the posttest performance mean scores of all 
groups around 60% and over, while the pretest mean scores are at below 50%. 
 
Figure 17. Mean Scores Comparison on V-K MRT by All Groups 
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Further analyses of mean scores comparison of main effects are shown in Table 5. The 
main effect results of the Explicit Propositional Integration yields an F ratio of F(1,121)=12.218, 
p<.01 (.001),  indicating that the mean change scores are significantly greater for the 
Propositional Integration group (M=17.01, SD=7.4) than for the No Propositional Integration 
group (M=12.16, SD=7.0). The interaction effect is non-significant, F(1,121)=0.495, p>.05 (.483). 
These results suggest that the participants in the group that used explicit propositional 
integration during the training trials outperformed the participants in the groups that does not 




Tests of Between-Subjects Effects on Gain Score MRT by Main Effects with Pretest MRT 
 
Source SS df MS F Sig. η2 Observed Power 
Corrected Model 820.830 5 164.166 3.126 .011* .114 .865 
Intercept 2730.253 1 2730.253 51.986 .000** .301 1.000 
Propositional 641.686 1 641.686 12.218 .001** .092 .934 
Environment 0.001 1 .001 .003 .996 .001 .050 
Pretest MRT  100.189 1 100.189 1.908 .170 .016 .278 
Prop*Environ 26.001 1 26.001 .495 .483 .004 .107 
Error 6354.859 121 52.519     
*p<.05, **p<.01(Adjusted R Squared = .784) 
 
 
However, when ANOVA on Gain Scores were performed, the results indicated that the 
main effect of the Environment (Rotation Method) to be non significant, F(1,121)=0.003, p>.05 
(.996), suggesting there is not enough evidence to show the differences between the group using 
the Computer-Assisted method and those using Physical Manipulation. In summary, the results 
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showed that explicit propositional integration led to higher performance of the gain scores on 
V-K Mental Rotation Task, with pretest MRT covariate, F(5,121)=3.126, p<.05 (.011), η2=.114. 
The pairwise comparisons for the experimental groups are presented in Table 6. The 
results reveal significant differences on the gain scores MRT between the propositional groups. 
The significant differences were found between the CP group and the CN group, and between 
the CP group and the PN group. The PP group and the CN group, and the PP group and the PN 






















Pairwise Comparisons on Gain Scores V-K by Experimental Groups 
  PP CN PN NR 
 Contrast Estimate -1.004 4.022 5.041 3.900 
 Hypothesized Value 0.000 0.000 0.000 0.000 
CP Difference (Estimate-Hypothesized)  -1.004 4.022 5.041 3.900 
 Std. Error 2.030 2.020 2.030 2.032 
 Sig. .622 .049* .014* .047* 
 Contrast Estimate  5.026 6.045 4.904 
 Hypothesized Value  0.000 0.000 0.000 
PP Difference (Estimate-Hypothesized)  5.026 6.045 4.904 
 Std. Error  2.036 2.050 2.051 
 Sig.  .015* .004** .018* 
 Contrast Estimate   1.019 -0.122 
 Hypothesized Value   0.000 0.000 
CN Difference (Estimate-Hypothesized)   1.019 -0.122 
 Std. Error   2.039 2.052 
 Sig.   .618 .953 
 Contrast Estimate    -1.141 
 Hypothesized Value    0.000 
PN Difference (Estimate-Hypothesized)      -1.141 
 Std. Error    2.052 
 Sig.    .579 
p<.05*, p<.01** 
 
Transfer Performances on Spatial Assessment Tasks 
Near Transfer Surface Development Task & Far Transfer Topographical Map Assessment  
This section reports participants’ mean scores of transfer performances from both near 
transfer, Surface Development Task (SDT), and far transfer, Topological Map Assessment 
 62 
(MAP), shown in Table 7 and Table 8, respectively. When comparing the mean scores among 
the Training Environment conditions, the participants mean scores from the Computer-Assisted 
group (M=45.80, SD=14.4) and Physical Manipulation groups (M=48.36, SD=16.0) are slightly 









Explicit Integration   
Propositional  No Propositional  Total 
 
n M SD 
 
n M SD 
 













Assisted 26 50.19 13.9 26 41.41 13.8 52 45.80 14.4 
Physical 
Manipulation 25 54.41 16.0  25 42.33 14.5  50 48.37 16.0 
 Total 51 52.25 15.0  51 41.86 14.0  102 45.98 15.4 
  
Control Group 
 Memorization Task 
 
n M  SD 
N
o Computer-
Control 25 41.60 
 
15.2 
Note: Scores shown in percentage 
 
 
 In contrast to the participants mean scores for all groups of the near transfer Surface 
Development Task, for the Topographical Map Assessment are centered around 40%. In 
addition, there is no statistical significant differences for all groups F(4,122)=1.035, p>.05 (.392), 
indicating that on average most participants have a similar level of far transfer performances of 
the Topographical Map Assessment.  The results from both transfer tasks can be observed by 
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the differences in gap trend in Figure 18. The Surface Development Task shows differences 
among the gaps from the participants mean scores for the Explicit Integration groups and the 
other three groups, the No Propositional and the Control groups. For the Topographical Map 








Explicit Integration   
Propositional  No Propositional  Total 
 
n M SD 
 
n M SD 
 












Assisted 26 37.98 16.8 26 38.70 18.2 52 38.34 17.2 
Physical 
Manipulation 25 44.01 17.9  25 43.51 16.1  50 43.75 16.8 
 Total 51 40.93 17.3  51 41.06 17.2  102 40.16 16.4 
  
Control Group 
 Memorization Task 
 
n M  SD 
N
o Computer-
Control 25 36.75 
 
12.8 
Note: Scores shown in percentage 
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Tests of Between-Subjects Effects on Near Transfer SDT with Pretest MRT 
 
Source SS df MS F Sig. η2 Observed Power 
Corrected Model 7654.359 5 1530.872 8.430 .000* .258 1.000 
Intercept 6103.139 1 6103.139 33.609 .000* .217 1.000 
Propositional 2398.122 1 2398.122 13.206 .000* .098 .950 
Environment 41.956 1 41.956 .231 .632 .002 .076 
Pretest MRT  3948.852 1 3948.852 21.746 .000 .152 .996 
Prop*Environ 178.970 1 178.970 .986 .323 .008 .166 
Error 21972.588 121 181.592     









Tests of Between-Subjects Effects on Far Transfer MAP with Pretest MRT 
 
Source SS df MS F Sig. η2 Observed Power 
Corrected Model 4227.257 5 845.451 3.433 .006* .124 .899 
Intercept 4606.506 1 4606.506 18.706 .000* .134 .990 
Propositional 24.962 1 24.962 .101 .751 .001 .062 
Environment 522.227 1 522.227 2.121 .148 .017 .304 
Pretest MRT  3110.274 1 3110.274 12.630 .001 .095 .941 
Prop*Environ 39.208 1 39.208 .159 .691 .001 .068 
Error 29797.719 121 246.262     
*p<.01 (Adjusted R Squared = .088) 
 
Two main effects for these experimental groups were demonstrated (Table 9 and Table 
10). The results show that the impact of the explicit propositional integration led to significantly 
higher near transfer performances on the Surface Development Task, F(1,121)=13.206, p<.01 
(.001), η2=.098. However, the results did not indicate the impact of the explicit propositional 
integration for far transfer performances on the Topographical Map Assessment, F(1,121)=.101, 
p>.05 (.751), η2=.001 among all groups. Additionally, for both transfer tasks there were no 
interaction effects, on the Surface Development Task, F(1,121)=.986, p>.05 (.986), and on the 
Topographical Map Assessment, F(1,121)=.159, p>.05 (.691), respectively. 
The next two tables show pairwise comparisons on the near transfer Surface 
Development Task and the far transfer Topographical Map Assessment respectively (Table 11 
and Table 12). For the near transfer SDT task, the significant differences were found between the 
CP group and CN group, and the CP group and PN group. The PP group and CN group and 
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the PP group and PN group also showed significant differences. However, for the far transfer 
Topographical Map Assessment, there were no significant differences for all groups. 
 
Table 11. 
Pairwise Comparisons on Near Transfer SDT by Experimental Groups 
  PP CN PN NR 
 Contrast Estimate -3.941 7.076 8.443 9.464 
 Hypothesized Value 0.000 0.000 0.000 0.000 
CP Difference (Estimate-Hypothesized)  -3.941 7.076 8.443 9.464 
 Std. Error 3.775 3.755 3.775 3.779 
 Sig. .299 .030* .027* .014* 
 Contrast Estimate  11.017 12.384 13.405 
 Hypothesized Value  0.000 0.000 0.000 
PP Difference (Estimate-Hypothesized)  11.017 12.384 13.405 
 Std. Error  3.798 4.075 3.814 
 Sig.  .004** .002** .011* 
 Contrast Estimate   1.367 2.387 
 Hypothesized Value   0.000 0.000 
CN Difference (Estimate-Hypothesized)     1.367 2.387 
 Std. Error   3.792 3.815 
 Sig.   .719 .533 
 Contrast Estimate    1.020 
 Hypothesized Value    0.000 
PN Difference (Estimate-Hypothesized)      1.020 
 Std. Error    3.816 





Pairwise Comparisons on Far Transfer MAP by Experimental Groups 
  PP CN PN NR 
 Contrast Estimate -5.783 -2.235 -5.533 2.004 
 Hypothesized Value 0.000 0.000 0.000 0.000 
CP Difference (Estimate-Hypothesized)  -5.783 -2.235 -5.533 2.004 
 Std. Error 4.390 4.373 4.396 4.401 
 Sig. .191 .610 .211 .650 
 Contrast Estimate  3.548 .250 7.787 
 Hypothesized Value  0.000 0.000 0.000 
PP Difference (Estimate-Hypothesized)  3.548 .250 7.787 
 Std. Error  4.423 4.439 4.441 
 Sig.  .424 .955 .082 
 Contrast Estimate   -3.298 4.239 
 Hypothesized Value   0.000 0.000 
CN Difference (Estimate-Hypothesized)     -3.298 4.239 
 Std. Error   4.416 4.443 
 Sig.   .457 .342 
 Contrast Estimate    7.537 
 Hypothesized Value    0.000 
PN Difference (Estimate-Hypothesized)      7.537 
 Std. Error    4.444 




 This section reports the results with respect to the hypotheses put forth in the study 
design. First, three hypotheses confirmations are directly derived from the training tasks while 
the remainder of the section reports participants’ correlational explanation for their 
understandings. 
H1: Completion of Cognitively Process-based with Explicit Integration (Propositional Effect) 
 To test whether participants who are trained with the Explicit Propositional Integration 
groups (PI) had significantly higher gain scores for the direct training Mental Rotation Task 
than the No Propositional Integration groups (NP), Analyses of Variances and Pairwise group 
tests were performed. The results showed the following: 
1) Participants who received the training requiring explicit use of propositional spatial 
language key words (PI) during their trials outperformed the participants in the other groups 
F(1,121)=12.218. p<.01 (.001).  
2) For pairwise contrast comparisons between groups results:  
- Participants who received training with Computer-Assisted and Explicit 
Propositional Integration, the CP (M=16.54, SD=6.7), had significantly better gain scores 
MRT performance than those who were trained with Computer-Assisted and None 
Propositional, the CN (M=12.79, SD=7.5). 
- Participants who were trained with Computer-Assisted and Explicit 
Propositional Integration, the CP (M=16.54, SD=6.7), had significantly better gain scores 
MRT performance than those who were trained with Physical Manipulation and None 
Propositional, the PN (M=11.51, SD=6.5). 
- Participants who were trained with Physical Manipulation and Explicit 
Propositional Integration, the PP (M=17.50, SD=8.1), had significantly better gain scores 
MRT performance than those who were trained with Computer-Assisted and None 
Propositional, the CN (M=12.79, SD=7.5). 
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- Participants who were trained with Physical Manipulation and Explicit 
Propositional Integration, the PP (M=17.50, SD=8.1), had significantly better gain scores 
MRT performance than those who were trained with Physical Manipulation and None 
Propositional , the PN (M=11.51, SD=6.5). 
 These findings confirmed that the participants who engaged with more perceptual 
systems and explicit propositional spatial language during the direct mental rotation training 
tasks formulated a more complete understanding of the spatial thinking skill than those 
participants who only engaged with no explicit requirement of using propositional spatial 
language. 
H2: Training Environment Effect (Rotation Method) 
 To test whether the use of different training environments, such as training with either 
the Computer-Assisted method (CG) or with the Physical Manipulation one (PG) have or have 
not influenced participants’ performances of the spatial assessment tasks. Three analyses of 
variance were conducted. The results indicated the following: 
1) For the V-K Mental Rotation Task (MRT) in all groups, CG, PG, and a control group 
(CC), the results yield non significance, F(1,121)=0.003, p>.05 (.996), η2=.001, indicating that 
there were not enough evidence to conclude for the performances of the Mental Rotation Task 
obtained by all the groups were not statistically significant. 
2) For the near transfer Surface Development Task (SDT) in all groups, CG, PG, and CC, 
the results yield non significance, F(1,121)=2.231, p>.05 (.632), η2=.002, indicating that there were 
not enough evidence to conclude that the performances of the Surface Development Task 
obtained by all the groups were not statistically significant. 
3) For the far transfer Topographical Map Assessment (MAP) in all groups, CG, PG, and 
CC, the results yield non significance, F(1,121)=2.121, p>.05 (.148), η2=.017, indicating that there 
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were not enough evidence to conclude that for the performances of the Surface Development 
Task obtained by all groups were not statistically significantly. 
These findings confirmed the hypothesis that using different training environments for 
training spatial rotation did not influence the performances on the Mental Rotation Task, the 
Surface Development Tasks, or the Topographical Map Assessment. 
H3: Transfer Performances on Spatial Tasks (Propositional Integration Transfer Effect) 
H3a: Near Transfer Performances on Spatial Tasks 
The analysis of variance was conducted to test whether learners who are trained with 
the Explicit Propositional Integration (PI) condition had better performances in the near transfer 
spatial tasks than those learners who are trained in the No-Propositional Integration groups 
(NP) or in the Control Group (CC). The results show the following: 
1) For all groups, the results yielded that the participants who received the 
propositionally integrated training (PI) during their trials outperformed the participants in the 
NP and the CC groups, F(1,121)=13.206, p<.01 (.001), η2=.098.  
2)  For pairwise contrast comparisons between groups results: 
- Participants who were trained with Computer-Assisted with Explicit 
Propositional Integration, the CP (M=50.19, SD=13.9), had significantly better 
performance than those who were trained with Computer-Assisted with None 
Propositional, the CN (M=41.41, SD=13.8). 
- Participants who were trained with the CP (M=50.19, SD=13.9), had 
significantly better performance than those who were trained with the PN (M=42.33, 
SD=14.5). 
- Participants who were trained with Physical Manipulation with Explicit 
Propositional Integration, the PP (M=54.41, SD=16.0), had significantly better 
performance than those who were trained with Computer-Assisted with None 
Propositional, the CN (M=41.41, SD=13.8). 
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- Participants who were trained with Physical Manipulation with Explicit 
Propositional Integration, PP (M=54.41, SD=16.0),  had significantly better performance 
than those who were trained with Physical Manipulation with No Propositional, the PN, 
(M=42.33, SD=14.5). 
The findings reported for the near transfer propositional integration effects confirmed 
the hypothesis as the participants who engaged with more perceptual systems with the explicit 
inclusion of spatial language during the training tasks than those participants who only 
engaged with no explicit requirement of using propositional spatial language. 
H3b: Far Transfer Performances on Spatial Tasks 
To test whether learners who trained with explicit propositional integration (PI) groups 
had better performances in the far transfer spatial tasks than those learners who trained in the 
NP groups or in the CC group, the results yield non significance, F(1,121)=.101, p>.05 (.751), 
η2=.001. Additionally, for pairwise contrast comparisons between group results, Table 12 shows 
non significance for each of the pair groups. 
These findings, however, did not confirm the hypothesis that engaging with more 
perceptual systems and explicit propositional spatial language during training tasks would lead 
to a more complete understanding and transfer of the spatial thinking skills to other spatial 
tasks than those participants who were not required to use propositional spatial language. 
Individual Difference Analyses  
This section illustrates the analyses concerning individual differences and their 
influences on developing spatial thinking skills. These factors include S.T.E.A.M. disciplines 
involved, Games’ experience effects, and gender differences. 
Background Experiences and Their Influences on Spatial Task Activities 
Shea, Lubinski, & Benbow (2001)’s and Wai, Lubinski, & Benbow’s (2009) research 
informs us that spatial thinking skills strongly predict, achievement and attainment in STEM, as 
well as a significant relationship between spatial abilities and mathematics and sciences 
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learning experiences. Moreover, Feng and colleagues investigated the effects of video game 
playing on spatial skill that included transfer of mental rotation tasks. The results show that 
video gamers outperformed non-gamers in multiple tasks that were associated with spatial 
working memory (2007). The results for these two background experiences are analyzed and 
presented in the following sections. 
STEM & Art related disciplines & Games Experience Effects  
 The correlation results are presented in Table 13 for all both direct and transfer spatial 
tasks, participants background, S.T.E.A.M. education field and game experiences, as well as 
training activity time on task and error. Overall, the findings for participants spatial tasks 
performances illustrate the degree of low to medium correlation ranges to all the collected 
background experiences and game impacts with the exception of the pretest and the posttest of 
V-K Mental Rotation task, which is high at correlation coefficient of r(102)= .832, p<.01.  
 The results for the S.T.E.A.M. background including mathematics and science courses 
taken (in the past five years) show non-significance in association with all spatial tasks’ 
performances. However, the result of the S.T.E.A.M. background correlation coefficient with the 
pretest MRT show the highest among other spatial tasks and its number of courses taken, 
r(102)= .127, p=NS. Although the results shows non-significance, there might still be an 
influence from S.T.E.A.M. background on the pretest that does not carry on to other posttest 
and transfer tasks. Similarly, the overall correlational results of the game playing experiences 
including game genres and all spatial tasks are not statistically significant. The highest 









































































            
Pretest 




1 .39** .53** .42** .54** -0.09 -0.01 0.04 -0.13 0.02 -0.03 
Gain MRT 
  
1 .24* .27** -0.16 0.02 0.05 -0.03 0.01 .27** .21* 
 SDT 
   
1 .29** .28** -0.11 0.08 -0.12 0.10 0.10 -0.01 
MAP 
    
1 .26** -0.14 0.07 0.08 -0.13 -0.16 -0.19 
Gender 
     
1 -0.10 -0.01 0.06 -0.13 -0.06 -0.19 
STEM  
      
1 -0.09 0.17 -0.10 0.01 0.10 
Courses 
       
1 -0.12 0.13 -0.01 -0.00 
Game 
Playing 
        
1 -.88** -0.01 0.06 
Game 
Genres 
         
1 0.09 0.03 
Time On 
Task 
          
1 .61** 
Error                       1 
             
** Correlation is significant at the 0.01 level (2-tailed).  
* Correlation is significant at the 0.05 level (2-tailed). 
       
Consistent with the previous report on results regarding gender differences, the findings 
show some correlations with spatial tasks, particularly the pretest V-K Mental Rotation Task, 
r(102)= .756, p<.01. It is worth noting that the correlation coefficients’ trend in gender seems to 
be lower, r(102)= .540, p<.01 for the MRT posttest, r(102)= .275, p<.01 for the Surface 
Development, and r(102)= .263, p<.01 for the Topographical Map Assessment. Moreover, the 
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results show non-significance for S.T.E.A.M. and game playing experiences with gender: the 
highest correlation coefficient is the game playing and gender yielded r(102)= .100, p=NS, 
indicating that male participants in this study play more games than female participants. 
Time on Task & Error  
  The next analyses further look at how time used and errors made during the mental 
rotation training experiences influence the performances of spatial tasks. Based on Hegarty and 
Waller’s (2005) work, participants with strategies and more spatial learning experiences and 
who use piece-meal strategies (i.e. use some particular features of the stimulus) during their 
reasoning rather than use the holistic approach (i.e. memorizing the whole images of the 
stimulus), should perform better on spatial skill assessments. These variables should result in 
differences in response time and the number of trial and errors among participants. 
Firstly, overall correlation coefficient results shows that participants’ time on task and 
error made during the training, their backgrounds in S.T.E.A.M. education, and game 
experience do not illustrate any strong connections. However, the results of the time on task 
and error correlation coefficients yield statistically significant for the gain scores of the V-K 
Mental Rotation Task, r(102)= .269, p<.01 and r(102)= .206, p<.01, respectively.  
Secondly, in addition to the correlational findings, further analyses for the time on task 
and errors made among the intervention groups are conducted. The participants’ time on tasks 
reports as the following: CP (M=18.224, SD=.349), PP (M=16.120, SD=.354), CN (M=12.715, 
SD=.349), and PN (M=4.096, SD=.354). These results indicate the Physical Manipulation with 
No Propositional Integration group spent the least amount of time on average of four seconds 
for each training trial rotation, while the other three groups spent on average, time ranging 
from twelve seconds to eighteen seconds per each training rotation. The ANOVA yields 
statistical significant, F(3,94)=310.841, p<.01 (.001), η2=.908.  
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For the results performed for the trial errors among participants, the mean for the CN 
group is the highest (M=4.154, SD=.347), then the PN group is the lowest (M=1.640, SD=.354), 
whilst the other two groups are in the middle, CN (M=2.308, SD=.347) and PP (M=3.360, 
SD=.354). The analyses of variances are performed and yield a significant factor among the 
groups, F(3,98)=10.116, p>.05 (.001), η2=.236, indicating the groups receiving training with 
explicit propositional integration made more errors than the groups did not receive. 
To investigate whether the time on task and the error may have influenced participants’ 
spatial tasks, the ANCOVA is performed and the results are presented in the tables below. The 
results for the gain scores MRT in Table 14 shows F(5,96)=2.754, p<.01 (.023), η2=.125. There is no 
impact of the main effect of Explicit Propositional Integration when the time on task and error 
were included, including no interactions. There is no impact of the main effect of the Training 
Environment, when the time on task and error were included and found no interaction. 
When analyses is performed among the gender group level, the results show the mean 
scores for all groups to be fairly similar, Female Low (M=13.211, SD=1.033), Male Low 
(M=13.120, SD=1.107), Female High (M=12.846, SD=1.068), and Male High (M=11.725, 
SD=1.485). The ANOVA yields no statistical significance, F(3,98)=.252, p>.05 (.860), η2=.008. The 
findings indicate there is no different time spent among gender groups, and there is no 









Tests of Between-Subjects Effects on Gain Scores MRT by Main Effects with Time on Task, Error, 
Gender & Pretest 
 
Source SS df MS F Sig. η2 Observed Power 
Model 723.022 5 144.604 2.754 .023* .125 1.000 
Intecept 421.289 1 421.289 8.024 .006 .077 .801 
Propositional 46.495 1 46.495 .886 .349 .880 .154 
Training Environt. 17.893 1 17.893 .341 .561 .004 .089 
Pretest MRT  68.180 1 68.180 1.299 .257 .013 .204 
Time on Task 28.130 1 28.130 .536 .466 .006 .204 
Error Made .552 1 .552 .011 .919 .001 .116 
Error 5040.520 96 52.505    
 
 
*p<.001, **p<.01 (Adjusted R Squared = .840) 
 
Next, the results for the near transfer SDT, Table 15 shows F(5.96)= 8.939, p<.01 (.001), 
η2=.318. There is no impact of the main effect of Explicit Propositional Integration when the time 
on task and error were included, as well as no interactions, F(1,96)= 3.116, p<.05 (.041), η2=.031. 
There is no impact of the main effect of the Training Environment, when the time on task and 





Furthermore, Table 16 report the results of the far transfer MAP for the main effects of 
the Explicit Propositional Integration and the Training environment with F(5,96)= 3.207, p<.05 
(.010), η2=.143. Consistent with the prior finding that there is no significant difference with 

















Tests of Between-Subjects Effects on Near Transfer SDT with Time on Task, Error & Pretest  
 
Source SS df MS F Sig. η2 Observed Power 
Model 7459.020 5 1491.804 8.939 .001* .318 1.000 
Intercept 1469.092 1 1469.092 8.803 .004 .084 .836 
Propositional 519.999 1 519.999 3.116 .041* .031 .416 
Training Environt. 30.067 1 30.067 .180 .672* .002 .070 
PretestMRT 3499.671 1 3499.671 20.971 .001 .179 .995 
Time on Task 30.906 1 30.906 .185 .688 .002 .071 
Error Made 402.328 1 402.328 2.411 .124 .024 .336 
Error 16020.964 96 166.885     
 




 Overall Gender Differences  
 
The next analyses report gender differences for the V-K Mental rotation performances, 
transfer SDT, and MAP tasks. Table 17 illustrates means score for each gender level. Gender 
groups are split by prior abilities in spatial skill ability and by using lower and higher groups 
mean scores of the pretest V-K MRT. For example, shown in Table 17, the V-K Mental Rotation 
results show overall greater improvement from the low score groups of both female and male 
participants compared to high performing groups. The results of the analyses of variance 
performed yields statistically significant, F(3,122)=3.578, p<.05 (.016), η2=.081. The results 
indicate the direct rotation training improves spatial skill training outcomes in lower 





Tests of Between-Subjects Effects on Far Transfer MAP with Time on Task, Error & Pretest 
 
Source SS df MS F Sig. η2 Observed Power 
Model 4255.832 5 851.166 3.207 .010** .143 .870 
Intercept 1390.665 1 1390.665 5.240 .024 .052 .620 
Propositional 3.781 1 3.781 .014 .905 .001 .052 
Training Environt. 300.072 1 300.072 1.131 .290 .012 .183 
PretestMRT 2022.184 1 2022.184 7.620 .007 .074 .780 
Time on Task 72.151 1 72.151 .272 .603 .003 .081 
Error Made 946.617 1 946.617 3.567 .662 .036 .164 
Error 25476.475 96 265.380    
 
 




Table 17.  
 
Mean Scores Comparison on Mental Rotation Task between Gender Groups Based on Pretest MRT for 




 Mental Rotation Task 
  Pretest  Posttest  Gain 
 
n  M SD 
 











T Female Low 40 37.63 8.4 53.44 13.5 15.81 8.7 
Female High 34 57.13 8.9  67.87 11.4 10.74 6.9 
Male Low 29 41.72 10.2  58.19 12.5 16.47 6.2 
Male High 24  63.75 10.4  77.29 11.6 13.54 5.9 
 Total 127  48.72 14.1  62.89 15.1 14.17 7.6 
Note: Scores shown in percentage 
 
 
Figure 19. Mean Scores Comparison on V-K MRT by Gender 
 
Gender Differences on V-K Mental Rotation Task 
 The next report shows the mean scores comparison between female and male 
participants by their pretest score levels and separating mean score cutoff (M=48.72, SD=14.1) 
(Table 17 and Figure 19). From the results, there are two interesting trends for the female and 
male participants with lower pretest scores. First, both female and male participants in the 
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lower MRT mean scores, have much higher scores (Female (M=15.81, SD=8.7) Male (M=16.47, 
SD=6.2)) comparing to the female and male participants in the higher MRT mean scores 
(Female (M=10.74, SD=6.9) Male (M=13.54, SD=5.9)). Secondly, although both genders who 
have lower MRT pretest scores, after the training trials, the performances of the MRT posttest 
are well above all groups mean scores, Female (M=53.44, SD=13.5) Male (M=58.19, SD=12.5). 
An analyses of variance shows the effect of the gender by level, F(3,122)=3.578, p<.05 (.016), η2 
=.081, indicating a greater improvement on the VK-MRT spatial task performances of the lower 
groups. The interaction effects between Gender and the two main effects of the Explicit 
Propositional Integration and the Rotation Method are performed and found no significance, 












 Difference  0.030 6.145 3.274 
Female 
Low Std. Error 1.802 2.137 2.532 
 Sig. .897 .005* .198 
 Difference   6.115 3.244 
Male 
Low Std. Error  2.052 2.405 
 Sig.  .003* .180 
 Difference   -2.871 
Female 
High Std. Error   2.008 





Gender Differences on Transfer Tasks 
 The participants mean scores comparison between females and males are presented in 
Table 19 and Figure 20. For the results for the near transfer Surface Development Task, female 
participants in the high group have the highest mean scores of 50.20% while their male 
counterpart in the high group have mean scores of 48.52%. Both female and male in the low 
groups have similar mean scores at 42.58% and 48.54%, respectively. The findings indicate non 
statistical difference among all four gender groups, F(3,123)=2.002, p>.05 (.117). However, for 
the results of the far transfer task, Topographical Map Assessment, the participants mean scores 
show statistically significant among groups, F(3,123)=4.392, p<.01 (.006). The male participants 
in both high and low groups have higher mean scores, Male Low (M=40.09, SD=16.4) Male 
High (M=49.54, SD=14.3), than the female counterparts, Female Low (M=36.50, SD=16.2) 
Female High (M=37.68, SD=16.2). The result show no interaction between the Gender and the 
main effect of the Explicit Propositional Integration, F(2,121)=.900, p>.05 (.409), and no 
interaction between the Gender and the main effect of the Training Environment, 













Mean Scores Comparison on Transfer Spatial Tasks for Gender Group Level 
 
Gender By Level 
 
 Transfer Spatial Task 
  Surface Development  Topographical Map 
 













T Female Low 40 42.58 17.2 36.50 16.2 
Female High 34 50.20 17.2  37.68 16.2 
Male Low  29 43.62 12.56  40.09 16.4 
Male High  24  48.54 11.3  49.54 14.3 
 Total  127  45.98 15.4  40.16 16.4 
Note: Scores shown in percentage 
 
 
                      
 
Figure 20. Mean Scores Comparison on Transfer Tasks by Gender Group Level 
Furthermore, when performing analyses of the main effects of the Topographical Map 
Assessments (both Explicit Integration and the Training Environment), the results indicate no 
significant difference for the Explicit Integration effect, F(1,99)=008, p>.05 (.931), η2<.001, and no 
significant difference for the Training Environment effect, F(1,99)=2.691, p>.05 (.104), η2=.026.  It 
is interesting to note that the Topographical Map Assessment results from the main effects 
differ from the Gender group.  
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The pairwise contrast comparisons of the Surface Development (SDT) and the 
Topographical Map Assessment (MAP) present in Table 20 and Table 21, respectively. The 
results of the analyses of variance for SDT yields no statistical significance, F(3,123)=1.912, p>.05 
(.131), η2=.045 However, for the ANOVA of the MAP, the results yield statistical significance, 












 Difference  -2181 -7.988 -5.545 
Female 
Low Std. Error 3.664 3.539 3.970 
 Sig. .553 .026* .165 
 Difference   -5.807 -3.365 
Male 
Low Std. Error  3.800 4.204 
 Sig.  .129 .425 
 Difference    2.442 
Female 
High Std. Error   4.096 


















 Difference  -3.021 -1.121 -14.253 
Female 
Low Std. Error 3.814 3.684 4.133 
 Sig. .430 .761 .001** 
 Difference  3.021 -11.232 
Male 
Low Std. Error  3.814 4.377 
 Sig.  .430 .011* 
 Difference    -13.131 
Female 
High Std. Error   4.264 
 Sig.   .003** 
*p<.05, **p<.001 
 
Further Exploration Analyses 
This section of the further exploration analyses investigates the details of participants’ 
spatial performance on the degree of difficulties of the Mental Rotation Task and Surface 
Development Task’s questions, and the different features of questions of the Topographical 
Map Assessment. 
Detailed Performance on MRT and SDT Questions  
There is a degree of difficulties of the Mental Rotation Task and Surface Development 
Task’s questions. For example, in the MRT task, there are different angular disparities of the 
paired object ranging from a small angle to a larger one, such as 0º, 60º, 120º, or 180º.  Similarly, 
in the SDT assessment, there is a level of increasing complexities the two-dimensional surfaces 
and the paired three-dimensional objects, ranging from five or six surfaces to eleven or twelve.  
When classifying the degree of difficulties of the MRT assessment into a low (0º to 90º) 
and higher (90º to 180º) difficulties, the results indicate participants yield a significant factor 
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among the groups for the higher difficulty, F(3,98)=8.116, p<.05, η2=.106. The findings indicate 
the groups receiving training with explicit propositional integration outperformed the groups 
did not receive. However, the results do not yield a significant factor in the lower difficulty of 
questions. 
The results of participants’ performance on question difficulties on the Surface 
Development Task yield similar to the Mental Rotation Task. When classifying the degree of 
difficulties of the SDT assessment into a low (five to eight surfaces) and higher (nine surfaces 
and more) difficulties, the results indicate participants yield a significant factor among the 
groups for the higher difficulty, F(3,98)=7.103, p<.05, η2=.124. The findings indicate the groups 
receiving training with explicit propositional integration made more corrected answers than the 
groups did not receive. The results, similar to the MRT’s, do not yield a significant factor in the 
lower difficulty of questions. 
Far Transfer Topographical Map Assessment  
 This last section of the analyses reports an exploration of the spatial transfer 
Topographical Map Assessment. Although overall results do not indicate any statistical 
significance among all intervention groups, an additional objective is to investigate whether 
there is any other finding when the task questions are classified discretely using spatial features. 
For example, some questions are related to perspective taking, others are spatial relation, and 
the remaining questions are mental rotation. The results from each type of spatial features, from 
a mental rotation to spatial relations, show no significant difference among all groups. 
However, in question 10, consisting of a perspective taking tasks of subtotal 5 points, the results 
yield significant difference, F(5,121)=3.149, p<.05 (.010), η2 =.115. Furthermore, the pairwise 
comparisons show only the difference between the CN group and control group. Although the 
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results do not indicate expected main effects of the intervention, it may help future research on 
whether exposure to direct-manipulation can improve spatial skills more than no-rotation task. 
Summary 
Findings from the study confirmed the hypotheses on the effects of combining 
perceptual systems of haptic and visual integration during spatial training. The findings help 
identify the effectiveness of the perceptual system integration, while ruling out the impact of 
the training environment (rotation method), as indicated by non-significant differences in 
rotation training gains in the computer-assisted group and physical manipulation groups. 
Furthermore, the findings of the cognitively-processed based approach (explicit task 
decomposition via explicit propositional language use) yields higher performances for the near 
transfer task of the Surface Development, but the findings are non significant for far transfer 
task of the Topographical Map Assessment. 
In addition to the main effects results, the findings in this dissertation help clarify 
whether there is any individual difference influences, including gender, S.T.E.A.M. 
backgrounds and game experience. It is worth noting that the overall results for gender 
differences’ findings, show male participants out performed female group on both pre and post-
tests. In contrast, when analyzing the growth associated with initial spatial thinking skill 
performance, the findings ruled out the gender difference bias in performance and showed that 
the interventional training greatly benefit both genders who had lower initial scores of the V-K 
Mental Rotation Task. Step-by-Step process with the complete perceptual systems during the 
training may have help participants in both groups more effectively. 
Findings from this dissertation relating to the S.T.E.A.M. background and game playing 
experience, do not illustrate the strong connection between participants’ background and the 
performances on the post intervention. There was a slight difference on the impact of the pretest 
scores of the V-K Mental rotation but not statistically significant.  
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There is an interesting finding from the failed hypothesis of the far transfer tasks for 
both main effects. However, when considered with gender level, high performing male 
participants did better on the far transfer assessment. In short and consistent with literature at 
large, the findings revealed that spatial thinking skill is not unitary. There are many types and 
processes required to perform different spatial tasks. The training intervention in this 
dissertation targeted basic mental rotation understanding and thinking. The training effectively 
applies to the near transfer task but does not extend to the far transfer task. Further discussions 




CHAPTER IV: DISCUSSION 
 
Excellent is an art won by training and habituation:  
We not act rightly because we have virtue or excellence,  
But rather have these because we have acted rightly;  
These virtues are formed in man by doing his actions;  
We are we repeatedly do. 
Excellence, then is not an act but a habit. 
 
- Will Durant 
 
Summary of the Study 
The primary goal of the dissertation study is to analyze and discuss the cognitive 
processes, incorporating perceptual systems while performing a visuospatial training task. 
More specifically, in this dissertation I examined the role of incorporating perceptual systems 
through the use of explicit planning and explaining with spatial language in improving 
learners’ spatial understanding of mental rotation tasks.  The positive results of learners’ 
construction completion of the spatial mental model confirmed the validity of the conceptual 
framework and cognitive processes of understanding object mental rotation with propositional 
integration. From the results of the pilot studies and dissertation study, I conclude the 
following: 
1) Overall, the spatial training groups that required explicitly integrating propositional 
(PI) during the mental rotation training were significantly more effective in promoting spatial 
thinking model construction. Training object rotation required more perceptual systems, both 
visual and haptic, such as the object’s representation in picture and written text, helped learners 
improve their spatial task performance from pretest to posttest. These results validated the 
overall structure of the spatial cognitive processing-based framework in this dissertation. 
2) Although the spatial training groups required no propositional integration (NP) 
during the training and were only partially promoting spatial thinking model construction, the 
 89 
time spent during manipulating objects might have contributed to learners understanding of 
object rotations. This result was shown from the overall improvement of spatial assessment 
tasks. 
3) Planning and thinking out loud during the training tasks in the explicitly integrating 
propositional (PI) groups seemed to elicit learners to carefully consider the processes of how the 
object is being rotated, as well as reinforcing their thinking through the words and texts. The 
result of this required process might have fostered learners with decompositional skills when 
they performed other transfer tasks associated with the mental rotation task (Wright, et al., 
2008). The results were confirmed by the spatial task performances of the learners in the PI 
groups that outperformed the NP groups significantly on the near transfer Surface 
Development Task. 
4) The findings confirmed the benefit of the direct training for the mental rotation task in 
explicit propositional integration for both the V-K mental rotation task (MRT) and the near 
transfer Surface Development Task (SDT), but not the far transfer Topographical Map 
Assessment (MAP). It can be noted that the spatial assessment of the MRT and SDT, may have 
both shared similar mental rotation requirement during the task, while the spatial assessment of 
the MAP requires different spatial skills that is less associated with the mental rotation. The 
findings could confirm that visuospatial thinking skills are not unitary (Carroll, 1983). 
5) Additionally, when comparing the far transfer task of the Topographic Map 
Assessment (MAP) and the direct mental rotation of the V-K mental rotation task (MRT), the 
MAP includes spatial problem solving with curved lines, different perspective view points, and 
topographical information needed, which do not appear during the training task or in the MRT. 
This minimal mental rotation related assessment might have required other visuospatial skills, 
which learners need but cannot transfer from strategies or skills learned from the training. 
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6) As for the main effect of the training environment used during the training, whether it 
is by the computer-assisted or the direct-manipulation groups, the results confirmed no 
statistical differences in the gained spatial performance. Both the computer-assisted (CG) and 
direct-manipulation (PG) groups that required explicit proposition integration (PI), 
outperformed the no propositional groups (NP). However, the gained performances from the 
CG and PG groups showed no significant difference. This result helps confirm the proposed 
spatial cognitive processing framework. Both training through the use of computer-assisted and 
direct-manipulation, the completion of the mental construction for mental rotation task should 
be fairly similar. 
7) Last, for the improvement from genders, the findings from the initial lower groups for 
both females and males gained significantly more than the initial higher female and male 
group. This result confirmed the intervention is more beneficial to the learners with initial lower 
visuospatial thinking skills. 
Limitations  
 Although this study was systematically designed and implemented through rigorous 
pilot studies, there are a number of limitations that are worth addressing. First, how the task 
comparison designed between the computer-assisted and physical manipulation were 
operationalized. As much as the design of the tasks were based on how human interact with the 
media and how perceptual systems were incorporated, touching and/or putting information 
onto the computer or iPad screen were not necessarily equivalent to writing and/or physically 
touching the real objects. The images represented on the touch screen and in real life were not 
similar in nature. Typing on the computer screen and writing on a piece of paper could engage 
different focuses. Furthermore, touching objects on the computer screen to rotate is different 
from manually rotating objects in real life by hand. Although both methods are similar in 
 91 
number of perceptual inputs, the tangibility may have different impacts on spatial skill 
acquisition. 
The second limitation was how the time on task and error learners made in this 
dissertation were coded and identified. This limitation is associated with the former limitation. 
Comparing time spent in the computer-assisted format environment may not be equivalent to 
the time spent in the physical one, although the pilot studies confirm that there were no 
differences in learners’ attitude and ease of use towards the environment in which they were 
assigned. Recoding errors from the physical rotation tasks can be subjective. With physical 
object operation, it can be difficult to identify whether learners work it correctly or were making 
errors while adjusting it to be correct. 
Third, standardized spatial tasks can lead to another limitation. Hegarty (2014) reported 
the assessment for spatial skill tasks have some confounds: one is how actual skills are assessed 
and second is how strategies used to solve the task are involved. With this combination, it can 
be difficult to separate and determine the pure skills of visuospatial thinking from strategies 
learners used from the results of their performances. 
Finally, selecting a far transfer assessment for particular visuospatial training contributes 
to a certain degree of limitation. Visuospatial thinking skills are various, not only the mental 
rotation but also perspective taking and spatial relations. Therefore, selected transfer spatial 
tasks should share some level of benefit from the intervention. 
Updated Cognitive Processing Framework for Spatial Learning  
Taken together from the findings and the limitations from the dissertation, the analytical 
factor is included into the cognitive processing framework for spatial learning, Figure 21. This is 
due to the fact that during the decompositional task, participants may have not only use the 
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more perceptual systems, including verbal, but also use planning and strategies incorporate 
into the solving and comparing for the solutions (Kornkasem & Black, 2016).  
 
 
Figure 21. An Updated Model of Cognitive Processing Understanding Object Mental Rotation  
 
Implications 
Based on the findings from this dissertation, there are some practical implications 
identified for the training tasks. First, for the training of mental rotation, the trials should 
include not only the simple straight lines, objects, and the 90º or 180º angles (trained shapes and 
spatial features), but also curved lines and other degree angles. This will help learners become 
familiar with different shape/object representations that they can easily apply when 
encountering complex rotation tasks, and/or other objects. In other words, the training 
treatments will foster learners with more mental representations of different spatial features. 
For this implication, however, the longer training duration with different spatial features is 
needed. 
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Second, recording time spent and errors made between the computer-assisted and 
direct-manipulation groups should be conducted with comparable protocols or coding systems. 
In the computer-assisted tasks, it is easier to see the errors made from the mistakes in the 
written input and time used. However, the physical mistakes are more difficult to detect and 
researchers need to consider how learners move their hands in a single movement or multiple 
steps. 
Last, because the findings indicate both computer-assisted and physical-manipulation 
training groups yield similar outperformance when incorporate propositional, there is no need 
to rely only on the use of technology such as iPads, computers, digital equipment. Although 
technology is robust and easily distributed, the physical objects we found in everyday use can 
be used to create the training tasks. More important is the integration of spatial cues, technical 
terms, and spatial explanations that learners explicitly need while engaged in a task. 
Several theoretical implications were derived from the findings of this dissertation. First, 
learners’ improvement in performance suggests that the incorporation of perceptual systems of 
both visual and haptic types does help learners in completion of the spatial understanding of 
the object mental rotation model. Not only have learners a more complete object rotation model 
understanding, but also the learners performed significantly better on the post assessment than 
the group with less perceptual systems required. The findings and the proposed spatial 
cognitive processing framework help build on Baddeley’s (1992) model of working memory, 
Paivio’s (1991) coding theory, and Mayer’s (2001) cognitive theory of multimedia learning.  
Second, based on Wright et al.’s (2008) cognitive process-based spatial training theory, 
the training included learners’ elicitation process to explain and describe how they plan for the 
object rotation. The training helps reinforce their thinking and foster the mental rotation 
decomposition task. This process carries on to performance both for the direct training mental 
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rotation task and transfer task of surface development. Last, besides the lack of far transfer 
performance, the findings for the dissertation reaffirm the notion that visuospatial thinking 
skills are varied and may have some discrete elements. One skill training type might not fully 
relate and transfer to another to the extent in which similar features and process indices do not 
support each other. This may help clarify some misconception when individuals think they 
have no particular visuospatial skills, but other types of spatial skills. 
Direction of the Future Study 
The visuospatial thinking skills training investigated in this dissertation has applicability 
in various domains of science, technology, engineering, mathematics, art, architecture, and 
design education. The prospective study can expand not only into the realm of the computer-
assisted and physical manipulation study, but also into the eye tracking, virtual, augmented, 
and mixed reality research applications. Additionally, the results of these studies support the 
model of combining cognitively process-based training that help foster the skill of transfer to 
different tasks that share similar spatial features. It is, therefore, recommended that domain 
specific variations of the training fully utilize the stimuli that represent and include the domain 
of interest.  
 
 
Figure 22. Different Populations & Assessment Complexity 
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Lastly, although the study focused on an adult population, the conceptual framework of 
the cognitive processes of understanding object mental rotation with propositional should 
benefit other population types. Future research could investigate how younger populations, 
such as elementary or high school students, improve visuospatial thinking skills and form 
spatial mental models through the proposed conceptual framework. However, appropriate 
assessments for mental rotation tasks and other transfer assessments will need to be carefully 
chosen and evaluated. This selection process can prevent the level of difficulty and complexity 
of the spatial assessment appropriated for younger populations. 
In conclusion, this study represents an important initial step towards understanding 
how incorporating perceptual systems during mental rotations help learners complete richer 
experiences and gain visuospatial skills. The study confirmed that learners who engage in 
explicitly integrating propositional training explaining their planning process improved their 
spatial thinking. This benefits both the way technological and non-technological tasks are being 
used during training. This dissertation can inform professionals ranging from educators to 
instructional designers as well as child developmentalists and caretakers. By coupling explicit 
explanations with internal spatial thinking, learners can improve their visuospatial thinking 
skills with prospects that extend not only into everyday activities but also additional activities 
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